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PREFACE 

The  primary  purpose  of  this  training  course  is  to  develop  the  capability  of 
practitioners  in  the  Home  Building  industry  to  Design  Solar  Heating  and 
Cooling  Systems  for  Residential  Buildings.  The  goal  is  to  have  this  course 
implemented  nationwide  to  train  practitioners  in  the  requisite  skills  to 
integrate  solar  energy  systems  into  residential  buildings. 

Recent  estimates  indicate  that  a  substantial  amount  of  domestic  space  and 
water  heating  in  the  United  States  will  be  accomplished  by  solar  energy 
in  the  near  future.  However,  significant  implementation  can  only  be  achieved 
if  substantial  capabilities  are  created  among  the  professions  and  trades 
in  the  building  industry  to  install  solar  systems. 

This  training  course,  and  a  companion  course  titled  Sizing,  Installation 
and  Operation  of  Systems  for  Solar  Heating  and  Cooling  of  Residential 
Buildings,  are  courses  to  train  home  designers  and  builders  in  the  fundamentals 
of  solar  hydronic  and  air  systems  for  space  heating  and  cooling  and  domestic 
hot  water  heating  for  residential  buildings.  The  modularized  structure 
of  the  training  courses  provides  considerable  latitude  in  organization 
and  presentation,  especially  with  regard  to  the  time  period  over  which  the 
course  could  be  presented.  At  Colorado  State  University,  the  course  is 
presented  in  five  continuous  days,  but  a  longer  period  of  time  utilizing  only 
evening  hours  could  be  used  just  as  effectively.  The  structure  also 
provides  for  verification  that  participants  have  achieved  anticipated 
levels  of  understanding.  At  CSU,  validation  is  in  the  form  of  daily 
evaluations  by  the  participants  especially  with  regard  to  material  content 
and  methods  of  presentation.  The  instructors  interact  and  respond  to  the 
evaluations  and  alter  their  methods  of  presentation  to  meet  the  needs  of 
particular  groups  of  trainees. 

COURSE  DEVELOPMENT 

This  training  course  was  developed  by  the  staff  of  the  Solar  Energy  Applica- 
tions Laboratory  and  vocational  education  specialists  at  Colorado  State 
University  in  cooperation  with  the  NAHB  Research  Foundation,  Inc.,  Rockville, 
Maryland.  A  national  advisory  committee  was  established  to  provide  advice 
and  general  guidance  to  the  project  staff  regarding  direction  and  content 
of  the  training  courses.  The  committee  members  were  from  various  sectors 
of  the  home-building  industry,  and  also  teachers,  architects,  engineers  and 
representatives  from  governmental  agencies. 

In  determining  curriculum  content,  a  rigorous  procedure  was  followed  to 
develop  course  standards  and  needs  by  interacting  with  architects,  engineers, 
building  contractors  and  installers  of  heating,  ventilating  and  air 
conditioning  systems  in  residential  buildings.  From  the  standards  and 
needs,  objectives  for  the  course  were  developed  and  the  curricular  materials 
were  then  prepared. 
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INTRODUCTION 

The  Solar  Energy  Applications  Laboratory  at  Colorado  State  University 
in  cooperation  with  the  NAHB  Research  Foundation  has  developed  two  practical 
training  courses  for  the  design,  installation  and  operation  of  solar  heating 
and  cooling  systems  for  residential  buildings.  This  course  is  titled 
DESIGN  OF  SYSTEMS  and  the  other  is  SIZING,  INSTALLATION  AND  OPERATION  OF 
SYSTEMS. 

The  use  of  solar  energy  to  provide  the  comfort  conditions  in  residential 
buildings  and  serve  the  hot  water  needs  is  a  practical  realization  for  many 
parts  of  the  country  where  costs  of  electricity  and  fossil  fuels  are  steadily 
increasing.  Although  there  is  considerable  interest  in  solar  systems  through- 
out the  country,  the  numbers  of  solar  houses  are  relatively  few,  largely  because 
there  is  a  serious  lack  of  qualified  personnel  to  apply  the  technology. 
Substantial  capabilities  are  needed  among  the  professions  and  trades 
involved  in  the  building  industry  to  design  and  install  solar  systems  if 
widespread  application  is  to  take  place  in  this  country. 

This  training  course  was  prepared  to  develop  practical  skills  to  design 
solar  heating  and  cooling  systems.  Over  a  period  of  one  week,  the  course 
provides  44  hours  of  instruction,  practice  with  computations  and  detailed 
inspections  of  working  systems. 

OBJECTIVES 

The  objectives  of  the  training  course  are  to  develop  capabilities  in 
the  trainee  to: 

1.   Design  solar  heating  and  cooling  systems  for  residential 

buildings,  and  make  performance  estimates  and  economic  analyses. 
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2.  Advise  clients  on  particular  types  of  systems  best  suited  for 
their  needs. 

3.  Plan  and  supervise  construction  of  buildings  which  include  solar 
systems . 

4.  Explain  basic  operating  characteristics  of  solar  heating  and 
cooling  systems  to  others. 

SCOPE 

This  course  is  limited  in  scope  to  the  design  of  solar  heating  and 
cooling  systems  for  residential  buildings,  with  primary  emphasis  on  heating 
systems.  Although  solar  cooling  systems  are  discussed,  design  and  economic 
analyses  of  systems  for  only  solar  cooling  of  buildings  are  not  included, 
principally  because  such  systems  are  not,  as  yet,  economically  competitive 
with  standard  refrigeration  systems.  However,  where  solar  heating  systems 
can  be  economically  justified,  adding  solar-operated  cooling  units 
to  form  integrated  solar  systems  may  be  possible.  Designs  of  such  integrated 
systems  are  included  in  this  course. 

Although  the  basic  design  principles  apply  to  any  solar  heating  and 
cooling  system,  the  user  is  advised  that  many  of  the  design  charts  in  this 
manual  apply  only  to  residential  buildings.  When  solar  systems  are   considered 
for  office,  commercial  or  industrial  buildings,  the  application  may  be 
sufficiently  different  that  alternative  procedures  should  be  followed. 


COURSE  ORGANIZATION 

The  course  is  organized  in  modules  to  separate  selected  topics  and 
facilitate  learning.  Although  a  compact  schedule  of  one  week  is  shown 
in  Figure  1-1,  variety  of  formats  can  be  arranged. 
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In  general,  the  course  progresses  from  simple  sizing  procedures  for 
making  preliminary  estimates  of  collector  area  requirements,  to  a  computer- 
aided  method  and  finally  to  automated  design  techniques.  Such  details  as 
system  economics,  energy  conservation  trade-offs  and  component  selections 
are  also  presented. 

Opportunities  for  review  are  provided  each  day  in  the  schedule  of 
Figure  1-1, and  participants  are  encouraged  to  use  the  time  to  clarify  any 
difficulties  encountered.  At  the  end  of  each  day,  the  trainees  are 
requested  to  evaluate  the  course  materials  and  methods  of  presentation. 
These  evaluations  will  assist  the  instructors  to  respond  to  the  needs  of 
the  particular  group  of  trainees  in  the  course. 

SYNOPSIS  OF  COURSE  CONTENT 

TOUR  OF  SOLAR  HOUSES 

A  pre-course  tour  of  solar  houses  in  the  local  area  is  provided  to  give 
trainees  an  opportunity  to  see  different  styles  of  homes  which  have  different 
solar  systems.  The  systems  are  briefly  described  and  performance  details 
of  systems  are  given  when  such  information  is  available.   The  duration  of 
the  tour  is  about  3  hours.  After  the  tour  there  is  an  informal  reception 
and  dinner  where  the  instructors  and  trainees  are  introduced.  A  post-dinner 
talk  on  the  energy  problem  is  presented. 

MODULE  1.  COURSE  ORIENTATION 

The  objective  of  the  training  course  is  to  develop  capabilities  among 
practitioners  in  the  home-building  industry  and  other  interested  persons  to 
design  solar  heating  and  cooling  systems  that  will  provide  a  major  portion  of 
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the  annual  heating  needs  of  a  residential  building.   In  this  introductory 
module, a  summary  of  the  contents  of  the  course  is  presented  and  a 
schedule  for  the  course  is  given. 

A  brief  preview  is  provided  to  highlight  the  course  so  that  trainees 
can  appreciate  the  relationship  of  each  module  to  the  entire  course. 
The  course  progresses  gradually  from  basic  concepts  and  preliminary  design 
procedures  toward  more  complex  aspects  and  detailed  calculations. 

MODULE  2.  GENERAL  DESCRIPTIONS  OF  SOLAR  HEATING  AND  COOLING  SYSTEMS 

Several  operating  solar  houses  are   described  in  the  module  along  with 
descriptions  of  the  houses,  the  types  of  systems  and  design  data  for  the 
systems.  The  purpose  of  this  module  is  to  establish  a  base  of  reference 
for  the  types  of  residential  solar  systems  that  will  be  described  in  greater 
detail  in  the  course.  Basic  arrangements  of  liquid-heating  and  air-heating 
solar  systems  that  are  practical  to  install  are  described. 

From  the  descriptions  of  the  systems  the  trainees  can  better  appreciate 
the  relationships  of  collector  areas  to  floor  areas  and  volumes  of  heat 
storage  to  collector  areas.  Although  costs  are  likely  to  vary  somewhat  in  the 
future,  the  range  of  costs  for  solar  systems  is  also  given.   The  reader  is 
cautioned  that  some  of  the  systems  are  experimental  units,  where  extra 
features  have  been  designed  into  the  system  to  permit  alternative  modes 
of  operation.  Such  systems  are  likely  to  be  more  expensive  than  systems  that 
would  be  installed  in  normal  residential  buildings. 

Schematic  diagrams  are   used  to  describe  basic  arrangements  of  solar 
systems  and  to  trace  the  flow  of  heat  from  collectors  to  storage  and 
from  storage  to  the  building  space.  Solar  heated  domestic  hot  water  systems 
are  also  introduced  in  the  module. 
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MODULE  3.   SOLAR  RADIATION  INFORMATION  FOR  DESIGN  PURPOSES 

Understanding  the  intensity  of  solar  radiation  at  the  surface  of  the 
earth  is  basic  to  the  design  of  solar  systems.  Regardless  of  the  type 
of  collector  used,  there  is  a  limit  to  the  amount  of  heat  that  can  be  obtained 
from  a  unit  area  of  the  collector.  There  is  considerable  variation  in 
the  amount  of  heat  that  can  be  collected  from  the  sun  with  a  given  collec- 
tor area, depending  upon  the  tilt  and  orientation  of  the  collectors. 
From  an  economic  point  of  view,  both  the  collector  tilt  and  orientation 
should  be  set  for  maximum  collection  for  the  season.  If  the  system  is 
designed  only  for  heating  purposes,  the  collector  should  be  arranged 
for  low  sun  angles.  On  the  other  hand,  if  the  system  is  to  heat  and  cool 
the  building,  a  flatter  tilt  would  be  more  suitable  to  maximize  energy 
collection  during  the  entire  year. 

In  this  module,  the  trainees  are  taught  how  to  calculate  the 
solar  radiation  intensity  on  a  tilted  collector  surface.  Complex 
equations  are  given  in  the  text,  but  all  calculations  can  be  made  by 
use  of  charts  and  tables  which  involve  only  additions  and  multiplications 
of  numbers. 

MODULE  4.   SYSTEM  DESIGN  GUIDELINES 

A  system  designer  may  often  be  faced  with  the  task  of  making  a  quick 
estimate  of  the  collector  area  (and  cost)  required  for  a  solar  system  in 
a  given  building.   If  he  is  serving  a  client  and  first  cost  is  of  primary 
concern  to  the  owner,  the  designer  usually  cannot  afford  the  time  to  make 
detailed  calculations  before  a  decision  is  made  by  the  client.  On  the 
other  hand,  it  is  important  to  be  able  to  make  a  quick  estimate  of 
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the  fraction  of  the  annual  heatinq  load  that  can  be  provided  by  a  system 
with  a  given  collector  area. 

Approximate  methods  for  sizing  collectors  are  described  in  the 
module,  which  involve  the  solar  radiation  on  a  tilted  collector,  the 
January  heating  load  for  the  building  and  a  pre-selected  fraction  of  the 
annual  heating  load  which  the  system  is  to  supply.  From  the  collector 
area,  the  heat  storage  volume  and  the  fluid  flow  rates  are  determined. 
The  methods  apply  to  both  air-heating  and  liquid-heating  systems  which 
have  "standard"  arrangements  of  components. 

MODULE  5.  HEATING  AND  COOLING  LOAD  ANALYSES 


The  objective  of  this  module  is  to  present  methods  for  calculating 
the  heating  and  cooling  loads  of  a  residential  building.  The  procedures 
described  in  the  manual  are  essentially  those  in  the  ASHRAE  Handbook 
of  Fundamentals,  1972. 

For  sizing  furnaces  and  boilers  for  non-solar  residential  buildings, 
heating  load  calculations  have  not  needed  to  be  precise  because  the  costs 
of  heating  units  are  minor  relative  to  building  costs.  If  a  100,000 
Btuh  furnace  is  used  where  a  60,000  Btuh  unit  is  needed,  the  added  cost 
and  loss  of  furnace  efficiency  in  the  larger  unit  have  not  been  significant 
issues  because  fuel  has  been  plentiful  and  cheap. 

In  designing  a  solar  system,  a  design  heat  loss  rate  from  a  building  is 
needed  to  size  the  auxiliary  unit, and  monthly  average  building  heating 
loads  (determined  from  the  design  heat  loss  rate)  are  needed  to  determine  an 
economical  system  size.  Over-sized  or  under-sized  solar  systems  are 
uneconomical,  and  therefore,  a  reliable  estimate  of  the  building  heating 
load  is  needed. 


MODULE  6.   SIMPLIFIED  DESIGN  CALCULATIONS 

The  trainees  are  given  an  opportunity  to  design  a  solar  system  using 
the  guidelines  presented  in  Module  4.  A  common  problem  is  assigned  to 
the  entire  class, and  those  who  complete  the  class  problem  can  design  a 
system  for  their  locality. 

MODULE  7.  DETAILED  DESIGN  METHODS 

The  simplified  design  methods  presented  in  Module  4  are  usually  not 
adequate  for  final  design  purposes  because  only  typical  systems  are 
represented, and  design  parameters  that  characterize  specific  collectors 
are  not  included  in  the  method.  When  systems  are  designed  with  specific 
collectors,  and  efficiency  curves  are  available  for  those  collectors, 
the  designs  can  be  improved,  and  better  predictions  of  useful  solar  energy 
collection  can  be  made. 

The  method  described  in  this  module  is  the  procedure  developed  by 
Duffie,  Beckman  and  Klein  at  the  University  of  Wisconsin  and  is  called 
the  f-chart  design  procedure.  By  specifying  the  details  of  the  system 
used  to  collect  solar  energy  and  by  specifying  the  end  use,  the  method 
can  be  used  to  predict  the  performance  of  systems  which  provide 
energy  for  space  heating  and  domestic  hot  water  heating.  Currently,  only 
the  performance  of  the  systems  using  flat-plate  collectors  can  be  obtained 
with  f-charts. 

MODULE  8.  ECONOMIC  CONSIDERATIONS 

This  module  presents  methodology  thai,  may  be  used  to  determine  the 
economics  of  solar  heating  systems.  One  method  is  to  make  a  break-even 
analysis  to  predict  the  price  of  fuel  when  the  annual  cost  for  a  non-solar 
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system  will  equal  the  annual  cost  for  a  solar  system.  Although  this 

methodology  does  not  give  a  true  economic  picture  of  solar  systems, 

it  is  a  method  used  by  some  in  a  decisionmaking  process.  The 

method  of  analysis  is  explained  using  natural  gas  as  the  comparative  fuel 

energy  with  solar,  but  the  method  is  equally  applicable  to  compare  other 

energy  forms  such  as  fuel  oil,  propane  and  electricity  with  solar  energy. 

A  more  realistic  economic  analysis  should  include  inflation  rates, 
operating  and  maintenance  costs,  property  taxes,  insurance  and  credit 
for  taxes  as  well  as  mortgage  payments  and  fuel  costs.  A  method  for 
comparing  the  annual  cash  flows  for  non-solar  as  well  as  solar  systems 
is  presented  in  the  module. 

MODULE  9.   ENERGY  CONSERVATION  TRADE-OFFS 

In  recent  years,  home  designs  are  including  measures  to  reduce  the 
quantity  of  heating  (and  cooling)  needed  to  maintain  comfort  conditions. 
Much  can  be  accomplished  with  architectural  treatments  of  the  building 
exterior,  with  regards  to  shape  of  the  building,  orientation,  fenestra- 
tion, and  air  locks,  but  other  energy-conserving  measures 
such  as  insulation,  storm  windows  and  doors, and  internal  temperature 
settings  can  be  effective  in  reducing  the  energy  needs  in  the  building. 

The  cost-effectiveness  of  several  energy  conserving  measures  are 
discussed  in  the  module  using  a  basic  house  design  and  comparing  the 
reduction  in  energy  requirements  with  several  conserving  measures.  The 
cost  for  effecting  energy  conservation  is  compared  with  the  savings  in 
energy  consumption. 
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MODULE  10.  DETAILED  DESIGN  CALCULATIONS 

The  trainees  are  given  an  opportunity  to  make  detailed  design  calcula- 
tions using  the  f-chart  procedure  described  in  Module  7.  Four  problems 
are  assigned  in  a  progressive  order  of  complexity  to  familiarize  participants 
with  the  calculation  procedure. 

MODULE  11.  COLLECTORS 

Descriptive  and  specific  details  of  solar  collectors  are  described 
in  the  module.  There  are  two  basic  types  of  collectors,  flat-plate  and 
concentrating.  Concentrating  collectors  focus  beam  radiation  from 
the  sun  onto  small  absorber  surfaces  and  develop  high  temperatures  in 
heat  transfer  fluids.  Flat-plate  collectors  have  no  focusing,  and  the 
total  radiation  from  the  sun  and  reflections  from  other  surfaces  are 
used  to  heat  fluids  that  are  in  contact  with  the  absorber.  Flat-plate 
collectors  are  the  only  types  described  in  detail  in  this  module,  and  general 
performance  curves  for  a  number  of  collectors  are  given. 

MODULE  12.  STORAGE  SYSTEMS 

The  purpose  of  thermal  storage  in  solar  heating  and  cooling 
systems  is  to  provide  heat  for  use  during  non-sunshine  hours.   In  practical 
systems,  heat  must  be  easily  storable  and  readily  reclaimable  for  use  in 
the  building.  Sensible  heat  in  water  or  rocks  is  the  most  common  way  to 
store  heat.  Phase-change  material  permits  large  quantities  of  heat 
to  be  stored  in  a  small  amount  of  mass  and  is, therefore,  a  possible 
way  to  reduce  the  volume  of  storage  needed  for  residential  solar  systems 
as  compared  with  a  water  tank  or  rock  bin.  More  research  is  needed  at  this 
time  to  develop  the  use  of  the  volume  required  for  a  phase-change  material, 
before  such  material  will  become  practical  to  use. 
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Details  of  water  storage  and  rock  bins  are  described  in  the  module, 
as  well  as  other  performance  and  design  characteristics  of  storage 
units  in  solar  heating  and  cooling  systems. 

MODULE  13.  LABORATORY 

The  laboratory  session  is  an  opportunity  for  trainees  to  inspect 
working  systems  carefully  and  to  learn  where  to  take  temperature 
measurements  and  place  control  sensors  in  working  systems  and  model 
systems . 

MODULE  14.  COMPUTER-AIDED  F-CHART  CALCULATIONS 

Having  made  design  calculations  with  a  hand  calculator  using  the 
f-chart  method,  the  trainees  are  instructed  on  the  use  of  a  computer-aided 
interactive  f-chart  design  procedure.  The  interactive  computer  program 
enables  a  number  of  iterative  designs  to  be  made  quickly  to  reach  an 
economical  solution. 

MODULE  15.  SYSTEM  CONTROLS 

The  basic  function  of  controls  in  solar  heating  and  cooling  systems 
is  to  switch  on  pumps  and  blowers  and  operate  valves  and  dampers  in 
response  to  the  heating  or  cooling  needs  inside  the  building  and  to  the 
available  sunshine  (or  lack  of  sunshine)  on  the  collectors.  As 
the  occupant  of  the  building  needs  to  be  concerned  only  with  the  thermo- 
stat setting,  the  entire  system  is  controlled  automatically.  The 
control  logic  and  types  of  available  controls  are  explained  in  this  module, 
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MODULE  16.  SELECTION  OF  SUBSYSTEM  COMPONENTS 

In  addition  to  collectors  and  storage  units,  the  selection  of  heat 
exchangers,  pumps  and  blowers  and  valves  and  dampers  is  important 
to  system  performance.  The  type  of  heat  exchanger  in  a  liquid  system 
can  materially  affect  the  collector  operating  temperature  and  system 
efficiency.  Similarly,  the  pump  or  blower  capacity  can  affect  the  fluid 
temperature  rise  through  a  collector.  The  selection  of  subcomponents  of 
a  system  is  explained  in  this  module. 

MODULE  17.  SOLAR  COOLING  SYSTEMS 

Solar  cooling  units  that  are  integrated  with  solar  heating  systems 
are  discussed  in  the  module.  The  only  commercially  available  solar 
cooling  unit  (1977)  is  a  lithium-bromide-water  absorption  machine,  but 
other  possible  units  are  described.  Evaporative  cooling,  although  it 
does  not  depend  upon  solar  energy,  can  be  integrated  with  an  air-heating 
system,  utilizing  the  rock  bed  to  store  "cool".  That  is,  the  rock  bed 
is  cooled  down  at  night  and  used  to  cool  the  warm  room  air  during  the 
day.  This  method,  however,  is  limited  for  use  in  arid  and  semi-arid  regions 
of  the  country. 

MODULE  18.  AUTOMATED  DESIGN  TECHNIQUES 

The  design  techniques  presented  in  Modules  4  and  7  are  based  upon 
"standard"  system  arrangements.  When  non-standard  arrangements  are  to 
be  designed,  with  high  performance  collectors  or  heat  pumps, for  example, 
the  previous  methods  will  not  provide  performance  predictions  for  such 
systems,  and  computer  simulations  should  be  used.  There  are  at  least 
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three  programs  available,  TRNSYS,  SIMSHAC, and  SOLCOST,  and  the  latter  is 
an  automated  program  that  can  be  used  even  if  the  user  is  not  familiar 
with  computer  techniques.  The  utility  of  these  programs  is  discussed 
in  this  module. 

MODULE  19.  SERVICE  HOT  WATER  SYSTEMS 

A  solar  hot  water  heating  system  can  be  used  for  domestic  service. 
The  two  major  types  of  solar  water  heaters  are  circulating  and  non- 
circulating, with  several  variations  of  each  type.  In  its  simplest  form, 
a  solar  water  heater  consists  of  a  flat-plate  collector  with  an  insulated 
tank  with  water  circulated  through  the  collector  by  thermosyphon  action. 
More  complex  systems  involving  pumps,  antifreeze  solutions  with  heat 
exchangers,  and  drain-down  systems  are  described. 

MODULE  20.  DESIGN  CASE  STUDY 


A  design  of  a  system  using  the  automated  design  procedure  is 
illustrated  for  the  class  of  trainees. 

MODULE  21.  STRUCTURAL,  MECHANICAL  AND  SCHEDULING  CONSIDERATIONS 


The  scheduling  of  a  solar  installation,  especially  for  new  buildings, 
can  be  arranged  with  concurrent  and  sequential  activities  to  minimize 
installation  problems.  Such  items  as  .installation  of  the  storage  unit 
before  floor  joists  are  placed,  and  structural  considerations  to 
support  the  weight  of  tanks  and  rock  boxes, are  described.  Mechanical 
considerations  and  arrangements  of  other  components  are  also  described. 
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MODULE  22.  FUTURE  PROSPECTS  FOR  SOLAR  HEATING  AND  COOLING  SYSTEMS 
New  designs  for  the  components  of  solar  systems  are  undergoing 
research,  development  and  testing.  Collectors  that  are  much  improved  in 
performance, and  possibly  direct  contact  heat  exchangers  for  liquid 
systems  that  combine  with  storage, may  become  technically  and  economically 
advantageous  for  use  in  the  future.  Prospects  for  improvements  in  solar 
systems  look  bright, and  when  improvements  are  proven  to  be  practical 
they  should  be  considered  for  use. 

MODULE  23.  BUYER'S  GUIDE 


To  select  proper  equipment  for  solar  systems,  the  buyer  should 
have  knowledge  of  standards,  equipment  warranties,  and  performance  of 
components  in  a  system.  He  should  have  an  understanding  of  the 
performance  of  liquid-heating  and  air-heating  systems  and  their 
respective  advantages  and  disadvantages  so  that  rational  choices  can  be 
made  for  use  in  specific  buildings.  Considerations  for  costs  of  systems, 
reliability,  operating  costs  and  maintenance  requirements  can  also 
guide  buyers. 
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OBJECTIVES  OF  THIS  MODULE 

TRAINEE-ORIENTED  OBJECTIVE 

From  the  material  presented  in  this  module,  the  trainee  should 
become  familiar  with  some  design  data  for  several  existing  solar  heating 
and  cool ing  systems. 

SUB-OBJECTIVES 

1.  To  develop  an  understanding  of  solar  system  costs. 

2.  To  develop  an  understanding  of  solar  system  sizing 
considerations . 

Several  existing  systems  will  be  described  in  this  module.  In 
addition,  general  descriptions  of  both  air  and  liquid  systems  will  be 
presented. 

REPRESENTATIVE  EXISTING  SYSTEMS 

SOLAR  VILLAGE  AT  CSU 

Figure  2-1  shows  the  Solar  Village  on  the  Foothills  Campus  at  Colorado 
State  University.  The  building  on  the  left,  CSU  Solar  I,  completed 
in  July  1974,  is  the  world's  first  solar  heated  and  cooled  residential 
type  structure.  The  solar  system  consists  of  768  square  feet  of  flat- 
plate  collectors  with  two  glass  covers,  1100-gallon  water  storage  tank, 
a  3-ton  lithium  bromide  absorption  chiller,  auxiliary  fuel-fired  boiler, 
and  associated  pumps,  valves  and  controls.  A  solution  of  ethylene 
glycol  and  water  is  used  as  the  transport  medium  in  the  collectors.  The 
storage  medium  is  water.  Some  of  the  design  characteristics  are  listed 
in  Table  2-1.  The  interesting  features  to  note  from  Table  2-1  are  the 
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Figure  2-1.  Environmental  Village  at  Colorado  State 
University 
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ratio  of  collector  area  to  total  heated  and  cooled  floor  space,  1  to  4, 
the  ratio  of  storage  volume  to  collector  size,  1.5  gallons  for  each 
square  foot,  and  the  ratio  of  system  cost  to  collector  size,  approximately 
$13  per  square  foot. 

The  house  in  the  center  on  Figure  2-1  is  CSU  Solar  II.  The  solar 
system  consists  of  736  square  feet  of  air-heating  solar  collectors, 
pebble  bed  storage,  an  auxiliary  fuel-fired  furnace  and  an  evaporative 
cooling  unit.  This  solar  system  utilizes  air  as  the  transport  medium 
in  the  collectors  and  a  pebble  bed  heating  and  cooling  storage  unit. 
One  of  the  principal  objectives  in  constructing  these  two  houses  was  to 
obtain  comparisons  between  the  performances  of  two  different  operating 
systems  in  nearly  identical  structures  when  subjected  to  almost  identical 
cl imatological  conditions.  Some  of  the  design  data  for  CSU  Solar  II  are 
listed  in  Table  2-2.  We  note  that  the  ratio  of  collector  area  to  floor 
space  is  approximately  1  to  4,  the  ratio  of  storage  volume  to  collector 
area  is  approximately  0.5  cubic  feet  of  rocks  per  square  foot  of  collector, 
and  the  ratio  of  system  cost  to  collector  size  is  approximately  $22 
per  square  foot  of  installed  collector.  The  cost  of  the  air  system  in 
Solar  House  II  appears  to  be  over  twice  that  of  the  liquid 
system  of  Solar  House  I.  However,  these  systems  were  constructed  in  a 
different  manner,  and  accountings  of  actual  costs  are,  therefore,  different 
The  system  in  Solar  House  I  was  constructed  with  student  assistance  under 
faculty  direction,  and  the  system  in  Solar  House  II  was  installed  by 
a  commercial  installer  with  supervision  by  the  supplier  of  the  solar 
system  hardware.  As  we  shall  see  later,  the  costs  for  system  installation 
in  Solar  House  II  are  more  representative  of  actual  1976  costs. 
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Table  2-1.   Design  Data  for  CSU  Solar  House  I 


Floor  Space 
Collector  Area 
Collector  Type 
Transport  Medium 
Storage  Medium 
Storage  Size 
System  Cost 


<3000  Fr 

%  768  Ft2 

Flat-Plate  Liquid 

Water  and  Ethylene  Glycol 

Water 

vllOO  Gallons 

$10,100  (estimate) 


Table  2-2.   Design  Data  for  CSU  Solar  House  II 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


%3000  Ft 

%  736  Ft2 

Flat-Plate  Air 

363  Ft3 

Pebbles  (%20  tons) 

-4 17,000 
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The  house  on  the  right  in  Figure  2-1  is  CSU  Solar  III.  The  system 
consists  of  evacuated  tube  collectors,  a  1200-gallon  water  storage  tank, 
a  2-ton  lithium  bromide  absorption  chiller,  an  electrical  auxiliary 
heater  and  associated  pumps,  valves  and  controls.  As  with  CSU  Solar  I 
and  II,  Solar  House  III  is  both  heated  and  cooled.  Some  of  the  design 
data  for  CSU  Solar  III  are  listed  in  Table  2-3.  We  note  that  the 
ratio  of  collector  area  to  floor  space  is  approximately  1  to  4,  the  ratio 
of  storage  volume  to  collector  area  is  approximately  2.5  gallons  of 
water  per  square  foot  of  collector,  and  the  ratio  of  system  cost  to 
collector  size  is  approximately  $55  per  square  foot  of  installed 
col  lectors. 

OTHER  SYSTEMS 


Figure  2-2  shows  an  artists  rendering  of  the  first  completely 
private  solar  heated  residential  type  structure  that  was  built  in  the 
Rocky  Mountain  Region.  No  funds  were  made  available  from  any 
governmental  organization  for  the  purpose  of  designing  or  constructing 
this  solar  heated  house,  and  it  was  not  part  of  any  demonstration 
program.  Rather,  it  simply  involved  a  private  citizen  who  was  interested 
in  putting  a  solar  heating  system  into  his  house.  He  was  motivated 
largely  by  the  difficulties  he  had  experienced  in  obtaining  propane 
for  space  heating  purposes.  The  system  consists  of  flat-plate  air- 
heating  collectors,  pebble  bed  storage  and  an  electric  auxiliary  heater. 
The  construction  was  completed  in  the  fall  of  1974.  Design  data  for 
the  house  are  shown  in  Table  2-4.  Here  we  see  that  the  ratio  of  collector 
area  to  floor  area  is  1  to  3,  the  ratio  of  storage  volume  to  collector 
area  is  approximately  .25  cubic  feet  of  rock  per  square  foot  of  collector, 
and  the  system  cost  is  approximately  $10  per  square  foot  of  installed 
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Table  2-3.  Design  Data  for  CSU  Solar  House  III 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


^3000  FtT 
512  Ft2 

Evacuated  Tube  (Liquid) 
1200  Gallons 
Water 
$28,000  (estimate) 
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Figure  2-2.  The  Wellington  Residence 


Table  2-4.  Design  Data  for  Wellington  Residence 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


^3600  FtT 

%  1200  Ft2 

Flat  Plate  (Air) 

336  Ft3 

Pebbles  (%19  tons) 

$13,000 
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collector.  This  was  one  of  the  earliest  commercial  installations 
installed  under  contract. 

Figure  2-3  shows  the  Eco-Era  House  No.  1.  This  was  the  first 
solar  spec  house  built  in  the  United  States.  The  system,  completed 
in  June  1975,  is  an  air-heating  solar  system,  and  the  total  construc- 
tion, including  the  solar  system, was  privately  funded.  A  modified 
version  of  this  house  has  been  built  in  Fort  Collins  as  part  of  the 
U.  S.  Department  of  Housing  and  Urban  Development  demonstration  program. 
Design  data  for  Eco-Era  No.  1  are  shown  in  Table  2-5.  Here  we  see 
the  ratio  of  collector  size  to  floor  area  is  approximately  1  to  5, 
the  ratio  of  storage  volume  to  collector  size  is  slightly  less  than 
.5  cubic  feet  of  rocks  per  square  foot  of  collector,  and  the  system 
cost  was  approximately  $18.50  per  square  foot  of  installed  collector. 

Figure  2-4  shows  the  Eco-Era  No.  2  house  that  was  completed  in 
September  1976.  Design  data  for  Eco-Era  No.  2  are  shown  in 
Table  2-6.  We  observe  that  the  ratio  of  collector  size  to  floor  area 

is  1  to  5,  the  ratio  of  storage  volume  to  collector  size  is  approximately 

3 
0.5  Ft  per  square  foot  of  col  lector,  and  the  system  cost  was 

approximately  $28  per  square  foot  of  installed  collector.  The 

Eco-Era  1  and  2  houses  are  of  particular  interest  since  they  represent 

multiple  experiences  at  building  similar  houses  using  the  same  basic 

solar  system. 

Figure  2-5  shows  the  first  solar  heating  system  on  a  military 

installation.  This  was  a  retrofit  of  one  of  the  housing  units  at 

(lie  United  States  Air  Force  Academy.   It  included  both  a  roof  array 

and  a  qround  array  of  flat-plate  water  heating  collectors.  Design 

data  for  this  solar  installation  are  shown  in  Table  2-7.  In  this  case, 
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Figure  2-3.      Eco-Era   No.    1 


Table  2-5.      Design  Data   for  Eco-Era  No.    1 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


1560  Ftr 
432   Ft2 

Flat  Plate   (Air) 
180  Ft3 

Pebbles   (^10  tons) 
$8,000 
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Figure  2-4.     Eco-Era  No.   2 


Table  2-6.     Design  Data  for  Eco-Era  No.   2 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


1950  Ft 

390  Ft2 

Flat  Plate   (Air) 

195  Ft3 

Pebbles   (^12  tons) 

^$11,000 
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Figure  2-5.  USAFA  House 


Table  2-7.  Design  Data  for  USAFA  Installation 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


1665  F1T 
613  Ft2 

Flat  Plate  (Liquid) 
2500  Gallons 
Water 


•425000 
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we  see  the  ratio  of  collector  area  to  floor  area  is  slightly  greater 

than  1  to  3,  the  ratio  of  storage  volume  to  collector  size  was  approximately 

4  gallons  of  water  per  square  foot  of  collector,  and  the  system  cost 

was  approximately  $50  per  square  foot  of  installed  collector.  There 

are   many  factors  that  must  be  taken  into  consideration  for  the  system 

cost, and  this  is  not  to  be  interpreted  as  a  representative  figure  for 

commercial  installations.  Also,  it  should  be  pointed  out  that  based 

on  operational  experience  gained  during  the  last  year,  the  storage 

volume  was  decreased  by  a  factor  of  approximately  2.  This  system 

was  completed  during  the  autumn  of  1975. 

Figure  2-6  shows  the  Phoenix  house  in  Colorado  Springs,  Colorado. 
This  house  was  completed  in  June  1974.  The  system  is  a  solar-assisted 
heat  pump  arrangement.  There  are  two  collector  arrays  on  the  house, 
separated  by  a  flat  roof  which  is  covered  with  white  quartz  to  increase 
the  reflected  radiation  on  the  top  array  of  collectors.  The  transport 
fluid  in  the  collectors  is  Dowtherm  J,  and  the  storage  fluid  is  water 
in  an  underground  tank.  An  air-to-air  heat  pump  was  used  during  the 
first  year  of  test  operation,  and  was  changed  to  a  water-to-air  heat 
pump  in  1975.  Solar  heated  water  in  the  large  underground  tank  is 
used  as  the  primary  energy  source  for  the  heat  pump. 

The  design  data  for  the  Phoenix  house  are  shown  in  Table  2-8.  We 
observe  that  the  ratio  of  collector  area  to  floor  area  is  approximately 
1  to  3.  The  storage  tank  capacity  is  8000  gallons,  but  the  tank  has 
been  filled  to  approximately  2500  gallons  since  the  initial  investigations 
were  conducted.  The  ratio  of  storage  volume  to  collector  area  is 
approximately  3  gallons  per  square  foot.  The  system  cost  was  about 
$14  per  square  foot  of  installed  collector. 
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Figure  2-6.  Phoenix  House  in  Colorado  Springs,  Colorado 


Table  2-8.   Design  Data  for  the  Phoenix  House 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


2190  Ft 
780  Ft2 
Flat  Plate  (Liquid) 
Variable 
Water 
$11122 


*  The  volume  of  water  in  storage  has  been  varied  between  2500  and 
7000  gallons. 
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Figure  2-7  shows  a  liquid-heating  solar  system  installation  that 
was  completed  in  Aspen,  Colorado, during  the  autumn  of  1975.  The  solar 
system  is  being  used  to  provide  space  heating  for  the  pool  enclosure 
(on  which  the  collectors  are  shown)  and  heating  of  the  swimming  pool. 
The  design  data  for  this  installation  are  shown  in  Table  2-9.  Here 
we  observe  a  ratio  of  collector  area  to  floor  area  of  approximately 

1  to  4 ,  a  ratio  of  storage  volume  to  collector  area  of  approximately 

2  gallons  per  square  foot, and  the  system  cost  of  $25  per  square  foot  of 
instal led  collectors . 

Figure  2-8  shows  the  SECO  house  that  was  constructed  near  Fort 
Collins,  Colorado, during  the  summer  and  fall  of  1976.  The  system  uses 
aluminum  water-heating  collectors,  a  storage  tank  and  an  auxiliary 
heating  unit.  The  design  data  for  this  house  are  shown  in  Table  2-10. 
We  observe  that  the  ratio  of  collector  size  to  floor  space  is 
approximately  1  to  5,  the  ratio  of  storage  volume  to  collector  area  is 
about  1.65  gallons  per  square  foot, and  the  system  cost  was  nearly 
$19  per  square  foot  of  installed  collector. 

OPERATION  OF  AIR  SYSTEMS 

Figure  2-9  shows  a  schematic  representation  of  the  system  in  CSU 
Solar  II.  This  is  a  representative  installation  for  air  systems.  The 
system  operation  is  described  below,  when  solar-heated  air  is  supplied 
directly  to  the  rooms  in  the  building. 

We  will  trace  the  flow  of  air  through  the  system  starting  from  the 
room  air  return  indicated  by  the  arrow.  The  air  will  flow  through  the 
duct  and  be  prevented  from  being  exhausted  by  motorized  damper  MD4. 
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Figure  2-7.  Aspen  System 


Table  2-9.  Design  Data  for  Aspen  Installation 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


1840  FtT 
420  Ft2 
Aluminum  (Reynolds) 
^800  Gallons 
Water 
$10500 
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Figure  2-8.  SECO  House  Near  Fort  Collins,  Colorado 


^ 


Table  2-10.  Design  Data  for  the  SECO  House 


Floor  Space 
Collector  Size 
Collector  Type 
Storage  Volume 
Storage  Medium 
System  Cost 


3400  Ft6 

640  Ft2 

Flat  Plate  (Liquid) 

1056  Gallons 

Water 

-412,000 
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Figure  2-9.     Schematic  Representation  of  CSU  Solar  II  System 
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The  flow  will  then  proceed  through  the  other  path  and  be  prevented  from 
going  through  storage  by  motorized  dampers  2  and  3.  Motorized  damper 
5  will  be  open  to  allow  the  air  to  flow  up  to  the  supply  manifold  shown 
on  the  bottom  side  of  the  collectors.  The  air  will  flow  through  the 
collectors  and  be  heated  in  the  process.   It  will  then  be  returned  from 
the  top  of  the  collectors  by  flowing  down  through  the  ducting  containing 
the  air-water  heat  exchanger  shown  in  the  figure.  Motorized  damper 
number  3  will  allow  the  hot  air  to  flow  to  the  main  blower.  The  air  will 
come  out  of  the  main  blower  and  proceed  toward  motorized  damper  number 
2,  which  will  direct  the  flow  toward  the  auxiliary  heater.   If  the 
temperature  of  the  air  is  sufficiently  high  to  provide  the  required 
heating,  the  auxiliary  heater  will  not  be  turned  on, and  the  warm  air  will 
be  supplied  to  the  room  as  indicated  by  the  arrows  labeled  room  air  supply. 
In  the  event  the  air  is  not  heated  to  a  sufficiently  high  temperature 
in  the  collectors,  the  auxiliary  heater  will  be  turned  on  to  boost  the 
temperature  of  the  air  being  supplied  to  the  room. 

In  the  storage  mode,  motorized  damper  2  will  divert  the  flow  of  air 
from  the  main  blower  toward  the  top  of  the  storage  bed  as  indicated 
in  Figure  2-9.  The  hot  air  will  enter  the  top  of  the  storage  bed, 
will  give  up  its  heat  to  the  pebbles,  and  will  be  exhausted  from  the 
bottom  of  the  storage  bed  as  indicated.   In  this  case,  the  back 
draft  damper  (BDD)  and  motorized  damper  4  will  be  closed, and  motorized 
damper  5  will  be  open.  Hence,  the  air  will  flow  back  up  to  the 
supply  manifold  on  the  collectors,  be  heated  by  the  collectors  and 
flow  into  storage  to  complete  the  cycle. 

In  order  to  heat  the  enclosure  from  storage,  the  room  air  will 
enter  the  system  at  the  point  labeled  room  air  return  and  will  flow  toward 
the  storage  bed.  Motorized  dampers  4  and  5  will  be  closed,  thereby 
forcing  the  cool  air  into  the  bottom  of  the  storage  bed.   It  will  flow  up 
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through  the  storage  bed,  be  heated  in  the  process  and  will  exit  from 
the  top  of  the  storage  bed  toward  motorized  damper  number  1.  Motorized 
damper  1  will  direct  the  flow  toward  motorized  damper  3,  which  in  turn 
will  direct  the  flow  of  air  to  the  main  blower.  The  air  will  exit  the 
main  blower  and  proceed  toward  motorized  damper  2,  which  will  direct  the 
flow  toward  the  auxiliary  heater.  From  there,  the  process  is  the  same 
as  that  described  for  heating  directly  from  the  collectors. 

The  service  hot  water  is  obtained  from  the  air/water  heat  exchanger 
shown  in  the  return  air  duct  from  the  collectors.  The  water  in  the 
preheat  tank  is  pumped  from  the  preheat  tank,  through  this  heat  exchanger, 
and  returned  to  the  preheat  tank.  Hot  water  that  is  taken  from  the  booster 
tank  is  replaced  by  water  from  the  preheat  tank.  During  summer  operation, 
when  it  is  not  desirable  to  have  heat  in  the  storage  bed,  the  service 
hot  water  is  obtained  in  the  following  manner.  Hot  air,  after  passing 
by  the  air/water  heat  exchanger,  is  diverted  toward  the  auxiliary  blower 
through  the  small  duct  shown  between  the  auxiliary  blower  and  the  return 
air  duct.  The  auxiliary  blower  then  supplies  air  to  the  supply  manifold 
of  the  collectors.  It  is  heated  in  the  collectors  in  order  to  provide 
for  service  hot  water. 

There  are  obvious  variations  on  this  system  that  one  could  develop. 
For  example,  it  might  be  desirable  to  take  warm  air  from  the  attic  of 
a  house  to  circulate  through  the  collectors  and  provide  for  service 
hot  water.  This  warm  air  could  then  be  exhausted  to  the  outside  and  replaced 
by  warm  air  from  the  attic.  This  process  would  serve  to  provide  for 
service  hot  water  in  the  summer  and  also  some  cooling  of  the  house  by 
getting  hot  air  out  of  the  attic. 
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The  nocturnal  cooling  shown  in  Figure  2-9  operates  as  follows. 
During  the  summer,  when  cooling  may  be  desired,  the  rock  bed  can  be 
cooled  at  night  by  bringing  cool  night  air  in  at  the  point  indicated 
in  Figure  2-9.  This  cool  night  air  is  reduced  to  wet-bulb  temperature 
by  the  evaporative  cooler  and  is  then  sent  to  the  storage  bed  by  passing 
through  motorized  damper  3,  the  main  blower,  and  motorized  damper  2.  It 
passes  through  the  storage  bed  from  the  top  to  bottom  and  is  exhausted 
to  the  outside  by  passing  through  the  motorized  damper  4.   In  this 
case,  the  back  draft  damper  is  closed.  If  this  system  operates  during 
most  of  the  night, then  there  will  be  cool  rocks  in  the  storage  bed 
from  which  cool  air  can  be  obtained  the  following  day.  The  cool  air 
is  obtained  by  taking  warm  air  in  through  the  room  air  return,  passing 
it  through  the  storage  bed  from  the  bottom  to  top,  then  out  of  the 
storage  bed  through  motorized  damper  3,  the  main  blower,  motorized  damper 
2,  and  to  the  room  air  supply. 

A  simplified  schematic  of  a  typical  air  system  using  two  blowers 
is  shown  in  Figure  2-10.  The  system  represented  in  this  figure  would 
require  two  blowers  and  two  3-way  dampers.  For  the  system  as  shown, 
if  blower  number  1  is  turned  on,  the  pebble-bed  storage  will  be  heated. 
By  changing  the  positions  of  the  dampers,  the  building  could  be  heated 
directly  from  the  collectors,  using  blower  number  1  and  blower  number 
2,  or  the  building  could  be  heated  from  storage  by  using  blower  number 
2  and  having  the  dampers  direct  the  flow  through  the  storage  in  the 
opposite  direction. 

The  use  of  two  blowers  can  be  avoided  by  utilizing  an  arrangement 
as  shown  in  Figure  2-11.  This  system  is  representative  of  the  system 
installed  in  CSU  Solar  II.  The  ducting  may  be  more  extensive, but  a 
second  blower  is  eliminated. 
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Figure  2-10.  Simplified  Schematic  of  an  Air  System 


WATER  SYSTEMS 


Figure  2-12  shows  a  schematic  representation  of  the  solar  equipment 
in  CSU  Solar  I.  This  represents  a  typical  installation  involving 
v/ater  as  the  transport  medium  and  storage.  The  heavy  lines  indicate 
the  flow  in  the  collector  loop.  The  diagram  illustrates  the  situation 
when  heat  is  being  stored  from  the  collectors  via  the  collector  heat 
exchanger.  The  water  is  shown  coming  down  from  the  collectors,  going 
to  the  collector  heat  exchangers,  out  of  the  collector  heat  exchangers, 
and  then  through  the  pump  labeled  P4  and  finally  back  up  to  the  collector, 


2-22 


LEGEND 


EVC     =EVAPORATIVE    COOLER 
AUX     =AUXILIARY    HEATER 
HUM     =  HUMIDIFIER 
BI.B2  =BLOWERS 
P  =RECIRCULATING     PUMP 

MD        =MOTORIZED    DAMPER 
W/S     =MANUAL    WINTER/SUMMER 
DAMPER 


HOT 

WATER 
SUPPLY 


COLD  WATER 
LINE 


Figure  2-11.     Schematic  of  an  Air  System 
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The  remaining  flow  is  shown  coming  out  of  the  bottom  of  the  thermal 
storage  unit,  going  through  pump  P3,  then  through  the  collector  heat 
exchanger  and  back  to  the  top  of  the  thermal  storage  tank.  The  controls 
required  for  accomplishing  this  task  will  be  discussed  later. 

Figure  2-13  represents  the  situation  where  heating  is  being  supplied 
from  storage  or  the  auxiliary  system;  again,  the  heavy  lines  in  this 
figure  represent  the  flow.  The  water  is  shown  coming  out  of  the  top  of 
the  thermal  storage  unit,  going  down  and  over  through  pump  PI,  then 
up  through  valve  VI  to  the  heating  coils.  The  heating  coils  are  simply 
a  water-to-air  heat  exchanger, and  the  output  from  the  heating  coils 
is  warm  air  to  be  supplied  to  the  house.  After  passing  through  the  heating 
coils,  the  water  is  directed  either  back  to  the  thermal  storage  unit 
or  to  the  auxiliary  hot  water  boiler  by  means  of  valve  V2.  The 
auxiliary  hot  water  boiler  is  utilized  if  there  is  not  enough  heat  in 
storage  to  satisfy  the  demand  heat  load  for  the  house.  The  system  as 
shown  here  will  obtain  heat  either  from  the  solar  storage  or  from 
auxiliary,  but  not  from  both  simultaneously.  The  house  was  constructed 
so  that  this  latter  mode  could  be  utilized,  and  this  will  be  done  sometime 
in  the  future  in  order  to  compare  the  different  operational  strategies. 

Figure  2-14  represents  the  method  by  which  service  hot  water  is 
obtained  from  the  solar  heating.  Here,  the  water  is  shown  coming  from 
the  top  of  the  thermal  storage  tank  and  to  the  input  side  of  the  hot  water 
heat  exchanger,  then  out  of  the  hot  water  heat  exchanger  through  pump  P2 
and  back  to  the  thermal  storage  unit.  The  other  side  of  the  heat  exchanger 
is  connected  to  the  80-gallon  hot  water  preheat  tank.  In  this  loop,  the 
flow  is  out  of  the  preheat  tank,  then  through  pump  P6,  then  to  the  hot 
water  heat  exchanger,  then  out  of  the  hot  water  heat  exchanger  and  back 
to  the  preheat  tank.  This  preheat  tank  is  connected  to  a  standard 
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Figure  2-12.  Mode  1  -  Solar  Collection  Using  Heat  Exchanger 
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Figure  2-13.  Modes  1  and  2  Space  Heating 
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40-gallon  hot  water  heater.  The  cold  water  makeup  enters  the 
80-gallon  preheat  tank. 

Finally,  Figure  2-15  shows  the  case  of  solar  cooling  from  the 
storage  or  the  auxiliary  boiler  unit.  This  is  similar  to  the  earlier 
figure  that  showed  the  heating  situation.  In  this  case,  however, 
valve  VI  directs  the  flow  to  the  lithium  bromide  absorption  refrigeration 
unit.  The  flow  is  then  either  returned  to  the  thermal  storage  unit  or 
directed  to  the  auxiliary  hot  water  boiler  by  valve  V2.  Again,  the 
auxiliary  hot  water  boiler  is  utilized  when  there  is  not  sufficient  heat 
in  the  storage  tank  to  operate  the  generator  on  the  air  conditioning 
unit.  The  output  of  this  system  is  cool,  dehumidified  air  to  be  used 
to  cool  the  house. 

Alternative  strategies  and  systems  may  be  used  for  both  heating 
and  cooling.  Some  of  these  will  be  discussed  in  other  modules. 

DOMESTIC  HOT  WATER  SYSTEMS 

There  may  be  many  cases  in  which  it  is  desirable  to  have  a  solar 
service  hot  water  system  and  not  consider  space  heating  or  space 
cooling.   In  this  section  we  introduce  the  concept  of  solar  service 
hot  water  systems  and  present  some  schematic  representations  of 
possible  configurations. 

The  basic  components  are  still  the  collector  array,  the  storage, 
a  pump  or  blower,  the  controller,  and  possibly  a  heat  exchanger. 
There  are  several  companies  marketing  solar  service  hot  water  systems 
at  the  present  time.  One  may  purchase  a  complete  system  or,  instead, 
one  may  elect  to  purchase  the  components  and  assemble  the  system. 
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Figure  2-14.     Solar  Heating  -  Service  Hot  Water 
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Figure  2-15.     Modes   1   and  2  Space  Cooling 
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A  configuration  using  a  water  collector  is  shown  in  Figure  2-16. 
There  is  no  heat  exchanger  required  in  this  system  and  there  is  no 
corrosion  inhibitor  or  antifreeze  solution  added  to  the  water. 
Consequently,  this  system  would  not  be  recommended  for  cold  climates 
unless  the  collectors  are  to  be  drained  when  not  operating  or  pulsed 
whenever  the  temperature  of  the  water  gets  near  freezing. 

Figure  2-17  shows  an  alternative  arrangement  for  a  solar  service 
hot  water  system.  This  system  would  be  required  in  a  situation  where 
a  non-potable  solution  has  been  added  to  the  collector  transport  medium. 

The  double-wall  heat  exchanger  effect  can  be  achieved  by  a  system 
as  shown  in  Figure  2-18.  This  system  would  use  a  fiberglass,  glass-lined, 
or  stainless  steel  storage  tank  for  which  no  corrosion  inhibitor  is 
required.  This  system  is  obviously  more  expensive  than  those  shown 
previously. 

These  systems  will  be  discussed  in  greater  detail  in  a  later 
module. 
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Figure  2-16.      Solar  Service  Hot  Water  System 
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Figure  2-17.  Solar  Service  Hot  Water  System 
with  Heat  Exchanger 
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Figure  2-18.     Solar  Service  Hot  Water  System 
with   Dual    Heat  Exchangers 
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GLOSSARY  OF  TERMS 


Beam  Radiation 


Decl ination 


Diffuse  Radiation 
Direct  Radiation 


Solar  Radiation 

Solar  Weather 
Tilted  Surface 


Radiation  reaching  the  earth's  surface  from  the 
solar  disc. 

Position  of  the  sun  relative  to  the  equatorial 
plane  at  solar  noon. 

Radiation  reaching  the  earth's  surface  from  180 
degrees  hemisphere,  excluding  the  beam  radiation. 

Radiation  reaching  the  earth's  surface  from  the 
solar  disc. 

Portion  of  total   radiation  which  is  useful    for 
solar  heating  and  cooling  systems. 

Climatic  factors  which  influence  solar  collection 

Tilted  with  respect  to  the  horizontal. 
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OBJECTIVE 

The  objective  of  this  module  is  for  the  trainee  to  be  able  to 
determine  the  radiation  on  a  tilted  collector  surface  by  using 
the  charts  and  figures  presented  in  this  module. 


THE  NATURE  OF  SOLAR  RADIATION 

The  energy  from  the  sun  is  derived  from  thermonuclear  reactions 
in  its  core.  This  energy  makes  its  way  to  the  sun's  exterior  layers 
from  which  it  is  radiated  into  interplanetary  space.  The  radiation 
consists  of  particulate  radiation  and  electromagnetic  radiation.  The 
particulate  radiation  consists  of  electrons  and  protons  and  is  commonly 
referred  to  as  the  "solar  wind".  The  electromagnetic  radiation  is 
what  is  commonly  referred  to  as  "solar  radiation"  and  it  is  this  radia- 
tion that  partially  penetrates  the  earth's  atmosphere  and  is  utilized 
in  a  solar  heating  or  cooling  system.  This  solar  radiation  varies 
inversely  with  distance  from  the  sun.  Since  the  earth's  distance  from 
the  sun  varies  by  only  about  three  percent  during  the  course  of  the 
year,  the  amount  of  solar  radiation  reaching  the  upper  limits  of  the 
earth's  atmosphere  is  essentially  constant.  This  is  referred  to  as  the 
"solar  constant"  and  is  defined  as  the  solar  radiation  received  on  a 
unit  area  of  surface  per  unit  time  perpendicular  to  the  radiation  at 
the  earth's  mean  distance  from  the  sun.  Recent  measurements  of  the 
solar  constant  have  indicated  that  its  value  should  be  1353  watts  per 
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square  meter  (428  Btu  per  square  foot  per  hour,  4871  kJ  per  square 
meter  per  hour,  or  1.940  calories  per  square  centimeter  per  minute). 
(Ref.  1) 

The  amount  of  radiation  on  a  surface  perpendicular  to  the  solar 
radiation  at  the  mean  distance  of  the  earth  from  the  sun  is  essentially 
constant,  but  the  amount  of  solar  radiation  that  reaches  the  surface  of 
the  earth  will  vary  with  respect  to  latitude  and  time  of  year.  It  is 
necessary  that  this  "solar  weather"  be  known  in  order  to  design  a  solar 
system. 

RADIATION  ON  A  HORIZONTAL  SURFACE 

Hottel  and  Whillier  (Ref.  2,  3)  first  developed  a  comprehensive 
approach  to  a  generalized,  long-term  description  of  solar  weather. 
Using  their  "util izabil ity"  method,  it  is  possible  to  separate  the 
treatment  of  solar  radiation  data  from  the  physical  and  geometrical 
characteristics  of  a  particular  collector.  It  is  not  sufficient,  for 
purposes  of  predicting  detailed  collector  performance,  to  use  only  long- 
term  daily  or  monthly  averages  of  solar  radiation.  Hourly  fluctuations 
of  radiation  about  these  average  values  must  be  taken  into  account. 
This  is  accomplished  by  using  hourly  radiation  data  for  a  particular 
location  over  a  period  of  several  years  to  establish  a  set  of  radiation 
distribution  and  4>-curves.  The  4  or  "util  izabil  ity"  function  is  of 
central  importance  and  accounts  statistically  for  the  effect  of  fluctua- 
tions in  solar  weather  on  collector  performance.  By  use  of  the  util iz- 
abil ity  function,  account  is  taken  of  the  fact  that  only  a  certain 
average  fraction  of  the  incident  radiation  on  a  collector  can  be 
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"utilized",  i.e.,  converted  to  usable  heat  at  a  given  collector  plate 
temperature,  T  . 

LIU  AND  JORDAN  METHOD 

The  <(>-curves  of  Hottel  and  Whillier  are  site-specific;  a  set  of  dis- 
tribution and  <f>-curves  must  be  generated  for  each  location  using  solar 
radiation  over  a  three  to  five  year  period.  Liu  and  Jordan  (Ref.  4,  5) 
showed  that  the  long-term  solar  weather  at  any  location  can  be  charac- 
terized surprisingly  well  by  just  two  site-specific  parameters: 

H    -    monthly  average  daily  total  radiation  on  a  horizontal 
surface 

KT   =    H/H0 

where  H  is  the  extraterrestrial  daily  radiation  on  a  horizontal  surface, 

calculated  from  the  equations  of  solar  geometry  for  the  16th  day  of  each  month 

The  term,  Kj,  introduced  by  Liu  and  Jordan,  can  be  considered  as  a 
"cloudiness  index"  which,  together  with  H,  characterizes  the  solar 
weather  for  a  particular  month.  A  large  value  of  Ky  indicates  sunny 
and  rather  uniform  clear  weather.  A  small  value  indicates  cloudy,  more 
fluctuating  weather.  In  most  cases,  Ky  is  found  to  lie  in  the  range 
from  about  0.3  up  to  0.75. 

Values  for  H~  and  Ky  and  average  ambient  temperature  are  presented 
in  Table  3-1  for  a  number  of  selected  locations.  These  are  taken  from 
Reference  4.  However,  Ky  was  defined  in  this  case  as  the  ratio  between 
the  average  radiation  on  a  horizontal  surface  and  the  extraterrestrial 
radiation  on  the  sixteenth  of  each  month. 

It  is  necessary  that  H  and  Ky  be  known  in  order  to  calculate 
collector  performance.  Collector  performance  will  be  discussed  in  a 
later  module.  For  now  we  must  content  ourselves  with  learning  how  to 
estimate  the  radiation  that  will  be  received  by  a  collector. 
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KLEIN,  DUFFIE,  AND  BECKMAN  METHOD 

The  Liu  and  Jordan  approach  has  been  modified  by  Klein,  Duffie,  and 
Beckman.  (Ref.  6)  In  this  approach,  Ky  is  defined  as  the  ratio  between 
the  monthly  average  daily  total  radiation  on  a  horizontal  surface  and 
the  mean  daily  extraterrestrial  radiation,  H  ,  where  H  may  be  calculated 


from  the  equation: 

O     At  0J 


At 


Ie„(l  +0.033  cos(^)) 


sc 


[cos  <t>  cos  6  sin  u     +  w     ^^ 
L        T  s        s  360 


365 


sin  $  sin  6]  dt 


[3-1] 


where  At  =  1   month,    I       is  the  solar  constant,   4>  is  the  latitude,   6  is 

the  solar  declination,  and  <d     is  the  sunset  hour  angle.     This  is  described 

s  3 

on  the  following  sketch. 


TO  SUN 


Since  the  spin  axis  of  the  earth  is  tilted  relative  to  the  ecliptic 
plane,  as  shown  on  the  sketch,  the  amount  of  radiation  on  a  horizontal 
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surface  of  given  area  will   vary  with  respect  to  the  time  of  year.     This 
is   illustrated  on  the  sketches  below: 


Energy 
Intercepted 


(a)     Radiation  on  a  Horizontal 
Collector 


Energy 
Intercepted 


Tilted   Collector  at 
Tilt  Angle  s 

Horizontal 
Surface 


(b)     Radiation  on  a  Collector  Tilted 
Perpendicular  to  the 
Radiation 


The  declination  varies  with  time  of  year  according  to  the  approxi- 
mate equation: 


6  =  23.45  sin   [360^g—  ]       (Degrees) 


[3-2] 


where  n  is  the  day  of  the  year  (n =  1   for  January  1).     A  table  of  values 
of  6  for  the  sixteenth  of  each  month  is  shown  on  the  following  page. 
The  sunset  hour  angle  is  given  by: 


cos  a)     =  -tan  d>    tan  6. 
s 
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The  average  daily  insolation  on  a  horizontal  surface  at  a  given  latitude 
for  a  given  month  may  be  calculated  by  using  the  above  equations.  This 
has  been  done  for  you  for  various  latitudes, and  the  resulting  values  for 


H  for  each  month  are  tabulated  as  a  function  of  latitude  in  Table  3-2. 
o 
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Table  of  Declinations 

Declination,   6 

Date                                Day  of  Year  (Degrees) 

Jan.    16                                       16  -21. "0 

Feb.    16                                         47  -12.95 

Mar.   16                                         75  -   2.42 

Apr.   16                                       106  9.78 

May    16                                        136  19.03 

June  16                                      167  23.35 

July  16                                       197  21.35 

Aug.   16                                       228  13.45 

Sept.  16                                     259  1.81 

Oct.   16                                       289  -  9.97 

Nov.   16                                       320  -19.38 

Dec.   16                                       350  -23.37 


If  H  is  known,  then  K-r  may  be  calculated  from  K-r  =  H/H  .     Values  for 
FT  may  be  read  from  the  contour  maps  showing  mean  daily  solar  radiation 
by  month  on  Figures  3-1    through  3-12. 

RADIATION  ON  A  TILTED  SURFACE 

In  order  to  determine  the  performance  of  flat-plate  collectors,   it 
is  required  that  the  average  daily  radiation  on  a  tilted  surface,  Hy, 
be  known.     This  may  be  expressed  by  H-r  =  RH  =  R  KT  H   ,  where  ft  is  defined 
as  the  ratio  of  the  average  daily  radiation  on  a  tilted  surface  to  that 
on  a  horizontal    surface  for  each  month.     There  are  several  methods  for 
calculating  R,  all   of  which  give  slightly  different  results  but  do  not 
strongly  affect  the  calculations  of  long-term  performance  of  flat-plate 
collectors. 
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One  method,  proposed  by  Liu  and  Jordan,  is  to  express  R  by: 

R=(i-|-)  v|-  (l±fii-)  +  P(-L^°ii.)        [3-4] 

H       H  £- 


where  D/H  is  obtained  from:     (Ref.   6) 


D/H  =  1.3903-4.0273  KT  +  5.541    Ky2  -   3.108  Ky3  [3-5] 


Also, 


r     =     cos  U-s)  cos  5  sin  <V   +  ms'  sin  U-s)  sin  6 
D  cos  (Ji    cos  6    sinu    +  <d     sin  <{>    sin  6  L3-6J 


where 


,  A 
WS 


-  [arccos  (-tan  (}>  tans),  arccos  (-tan  (<j>-s)  tan  6  ]     [3-7] 


In  the  above  equations, 

s  is  the  collector  tilt  angle  from  the  horizontal 

p  is  ground  reflectance 

ID  is  average  daily  diffuse  radiation  for  each  month 

Rn  is  ratio  of  the  average  daily  beam  radiation  on  the 
tilted  surface  to  that  on  a  horizontal  surface 
for  each  month. 

It  is  not  necessary  that  you  perform  these  calculations. 
Average  values  of  R  for  each  month  are  presented  in  Tables  3-3  through 
3-6.  Cross-plots  of  R   versus  KT  obtained  from  these  tables  are  shown 
in  Figures  3-13  through  3-46.  Finally,  values  for  the  average  radia- 
tion on  a  tilted  surface,  FL,  for  various  values  of  Kj  and  for  collectors 
at  various  tilt  angles, are  shown  on  Tables  3-7  through  3-22. 
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EXAMPLES 

Examples  illustrating  the  use  of  these  tables  and  curves  are  given 
below: 

1.  Determine  the  average  daily  extraterrestrial  radiation  for 
January  on  a  horizontal   surface  at  Columbus,  Ohio. 

Solution:     From  Table  3-1   we  see  that  H  =  486.3  Btu/ 
ft2-day;  KT  =  0.356.     Therefore,  H0  =  H/K-,-  =  1366  Btu/ 
ft2-day. 

2.  Determine  the  average  daily  extraterrestrial    radiation  for 
January  on  a  horizontal    surface  at  40°N  latitude. 

Solution:     From  Table  3-2,  H"0  =  1326  Btu/ft2-day.     This 
compares  reasonably  well   with  the  earlier  result. 

3.  Determine  Ky  for  January  for  Columbus,  Ohio.     Use  Table  3-2 
and  the  contour  maps. 

Solution:     Columbus  is  at  40°N  latitude.     Hence,   from 

Table  3-2  we  see  that  the  average  daily  extraterrestrial 

_  o 

radiation  is  H     =  1326  Btu/ft   .     Then  from  Figure  3-1   we 
o 

see  that  the  average  daily  radiation  on  a  horizontal    sur- 
face for  January  at  Columbus  is  H  =  128  Langleys  =  128 
cal/cm  .      If  we  multiply  this  by  3.69  we  obtain 
H  =  472  Btu/ft2.     Therefore,   KT  =  H/HQ  =   (472  Btu/ft2)/ 
(1326  Btu/ft2)   =  0.356. 

4.  Determine  the  average  daily  solar  radiation  on  a  surface  at 
tilt  angles  of  25°,  40°,   55°,  and  90°  for  January  at  Columbus, 
Ohio. 
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a.  Tilt  =  25°:     From  Figure  3-17  for  latitude  of  40°N  and 
tilt  =  latitude  -15°,  we   read  for  Ky  =  0.356,   R  =  1.395. 
Therefore  Hy  =  RH  =   (1.395)(472)   =  658  Btu/ft2. 

b.  Tilt  =  40°:     From  Figure  3-26,   R  =  1.55.     Therefore 
HT  =   (1.55)(472)   =   732  Btu/ft2. 

c.  Tilt  =  55°:     From  Figure  3-35,   R  =  1.61.     Therefore 
HT  =   (1.61)(472)   =  760  Btu/ft2. 

d.  Tilt  =  90°:     From  Figure  3-44,   R  =  1.43.     Therefore 
HT  =   (1.43)(472)   =  675  Btu/ft2. 

5.       Repeat  example  4  only  use  Tables  3-7  through  3-14.     Since 
Ky  =  0.356,  we  will   have  to  interpolate  between  the  tables 
for  KT  =  0.3  and  for  Ky  =  0.4. 
a-       Tilt  =  25°:      From  Table   3-7,   Hy  =  536  Btu/ft2,   Ky  =  0.3. 

From  Table  3-11,   Hy  =  763  Btu/ft2,   Ky  =  0.4.     The 

interpolation  equation  is: 

HT  "   536         0.356-0.3 
763-536         0.4-0.3 

Therefore,   Hy  =  536  +  (227) (.56)   =  663  Btu/ft2.     This 

agrees  to  within  one  percent  of  the  previous  result. 

b.  Tilt  =  40°:     From  Table  3-8,  Hy  =  584  Btu/ft2,  Ky  =  0.3. 
From  Table  3-12,  FL  =  853  Btu/ft2,  Ky  =  0.4.     Therefore 
HT  =  584  +   (269) (.56)   =  735  Btu/ft2. 

c.  Tilt  =  55°:      From  Table  3-9,   Hy  =  600  Btu/ft2,   Ky  =  0.3. 
From  Table  3-13,   Hy  =  890  Btu/ft2,    Ky  =  0.4.     Therefore 
Hy  =  600  +  (290)(.56)   =  762  Btu/ft2. 

d-       Tilt  =  90°:     From  Table  3-10,  Hy  =  524  Btu/ft2,   Ky  =  0.3. 
From  Table  3-14,  fly  =  800  Btu/ft2,   Ky  =  0.4.     Therefore 


Hy  =  524  +  (276)(.56)  =  679  Btu/ft2, 
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Table   3-1    * 

Radiation  and  Other  Data  for  80  Locations  in  the  United  States  and  Canada 

<#  =  Monthly  average  daily  total  radiation  on  a  horizontal  surface,  Btu/day-ft2;  Kt  =  the  fraction  of  the  extra  terrestrial  ra- 
diation transmitted  through  the  atmosphere;  to  =  ambient  temperature,  deg  F.) 


Albuquerque,  N.  M. 
Lat.  35°03'  N. 
El.  5314  ft 

Annette  Is.,  Alaska 
Lat.  55°02'  N. 
El.  110  ft 

Apalachicola,  Florida 
Lat.  29°45'  N. 
El.  35  ft 

Astoria,  Oregon 
Lat.  46°12'  N. 
El.  8  ft 

Atlanta,  Georgia 
Lat.  33°39'  N. 
El.  976  ft 

Barrow,  Alaska 
Lat.  71°20'  N. 
El.  22  ft 

Bismarck,  N.  D. 
Lat.  46°47'  N. 
El.  1660  ft 

Blue  Hill,  Mass. 
Lat.  42°13'  N. 
El.  629  ft 

Boise.  Idaho 
Lat.  43°34'  N. 
El.  2844  ft 


Boston, 

Lat.  42°22'  N. 

El.  29  ft. 

Brownsville,  Texas 
Lat.  25°55'  X. 
El.  20  ft 

Caribou,  Maine 
Lat.  46°52'  N. 
El.  628  ft 

Charleston,  S.  C. 
Lat.  32°54'  N. 
El.  46  ft 

Cleveland,  Ohio 
Lat.  41°24'  N. 
El.  805  ft. 

Columbia,  Mo. 
Lat.  38°58'  N. 
El.  785  ft 

Columbus,  Ohio 
Lat.  40°00'  N. 
El.  833  ft 

Davis,  Calif. 
Lat.  38°33'  N. 
El.  51  ft 

Dodge  City,  Rao. 
Lat.  37°46'  N. 
El.  2592  ft 

East  Lansing,  Michigan 
Lat.  42°44'  N. 
El.  856  ft 


Jan 


H 
A", 


!  to 


1150.9 

0.704 

37.3 


Feb 


Mar 


1453.9!   1925.4 


H 

to 


to 
U 
to 

R 

Kt 
to 

H 


H 

to 
H 


H 


H 

Kt 


H 

K, 


H 


H 


H 


H 
R, 

to 

H 

K, 


H 


H 


236.2 
0.427 
35.8 

1107 

0.577 

57.3 

338.4 
0.330 
41.3 

848 

0.493 

47.2 

13.3 

—  13.2 

587.4 
0.594 
12.4 

555.3 
0.445 
28.3 

518.8 
0.446 
29.5 

505.5 
0.410 
31.4 


0.691 
43.3 

428.4 
0.415 
37.5 

1378.2 

0.584 

59.0 

607 

0.397 

44.7 


Apr 


0.719 
50.1 

883.4 
0.492 
39.7 

1654.2 

0.576 

62.9 

1008.5 

0.454 

46.9 


1080.1  1426. 
0.496  0.522 
49.6       55.9 


143.2 
0.776 
-15.9 


713.3 
0.773 
-12.7 


934.3  I  13284 
0.628  t  0.605 
15.9   29.7 


797 

0.458 

28.3 


1143.9 

0.477 

36.9 


884.9  1280.4 
0.533  0.548 
365   45.0 


738 

0.426 

31.4 


1105.9  J  1262.7  1505.9 
0.517  |  0.500  0.505 
63.3    66.7   70.7 


1067.1 

0.445 

39.9 


497 

0.504 

11.5 

946.1 
0.541 
53.6 

466.8 
0.361 
30.8 

651.3 
0.458 
32.5 

486.3 
0.356 
32.1 

599.2 
0.416 
47.6 

953.1 
0.639 
33.8 

425.8 

0.35 

26.0 


861.6 
0.579 
12.8 

1152.8 

0.521 

55.2 


1360.1 
0  619 
24.4 

1352.4 

0.491 

60.6 


681.9  i  1207 
0.383  0.497 
30.9   39.4 


941.3 

i  0.492 

36.5 

746.5 
0.401 
33.7 

945 

0.490 

52.1 

1186.3 

0.598 

38.7 

739.1 
0.431 
26.4 


1315.8 

0.520 

45.9 

1112.5 

0.447 

42.7 

1504 

0.591 

56.8 

1565.7 

0.606 

46.5 

1086 

0.456 

35.7 


2343.5 

0.722 

59.6 

1357.2 

0.507 

44.4 

2040.9 

0.612 

69.5 


May 


2560.9 

0.713 

69.4 

1634.7 

0.484 

51.0 

2268.6 

0.630 

76.4 


1401.5  1838.7 
0.471   0.524 
51.3   55.0 


1807 

0.551 

65.0 

1491.5 

0.726 

2.1 

1668.2 

0.565 

46.6 

1438 

0.464 

46.9 

1814.4 

0594 

53.5 

1355 

0.438 
49.5 

1714 

0.509 

76.2 

1495.9 

0.507 

37.3 

1918.8 

0.584 

67.8 

1443.9 

0.464 

50.2 


2018.1 

0.561 

73.2 


Jun 


July 


Aug 


2757.5  2561.2  2387.8 
0.737  !  0.695  0.708 
79.1  I  82.8   80.6 


16387 

0.441 

56.2 

21959 
0.594 

81.8 

1753.5 

0.466 

59.3 

2102.6 

0.564 

80.9 


1883   2055.3 
0.553  ,  0.533 
20.5   35.4 


2056.1 

0.588 

58.6 

1776.4 
0.501 

58.5 

2189.3 

0.619 

62.1 

1769 

0.499 
60.4 

2092.2 

0.584 

81.4 

1779.7 

0.509 

51.8 

2063.4 

0.574 

74.8 

1928.4 

0543 

62.4 


1631.3  1999.6 
0.514  j  0.559 
57.7   66.7 


1480.8 

0.470 

53.5 

1959 

0.617 

63.1 

1975.6 

0.618 

57.7 

1249.8 

0.4O6 

48.4 


1839.1 

0.515 

64.4 

2368.6 

0.662 

69.6 

2126.5 

0.594 

66.7 

1732.8 

0.489 

59.8 


2173.J 
0.579 
67.9 

1943.9 
0.516 

67.2 

2376.7 

0.631 

693 

1864 

0.495 

69.8 

2288 . 5 

0.627 

85.1 

1779.7 

0.473 

61.6 

21133 

0.567 

80.9 

2102.6 

0.559 

72.7 

2129.1 

0.566 

75.9 

(2111) 
(0.561) 
74.2 

2619.2 

0.697 

75.7 

2459.! 
0.655 
77.2 

1914 

0.508 

70.3 


1632.1 

0.454 

58.6 

1978.6 

0.542 

83.1 

2007.7 

0.551 

62.6 

2002.9 

0.545 

82.4 

1602.2 

0.448 

41.6 

23055 

0.634 

76.1 

1881.5 

0.513 

72.3 

2500.3 

0.684 

79.6 

1860.5 

0.507 

74.5 

2345 

0.650 

86.5 

1898.1 

0.522 

67.2 

1649.4 

0.454 

82.9 

2094.4 

0.571 

77.0 

2148.7 

0.585 

81.1 

2041.3 

0.555 

78 

2565.6 

0.697 

81 

2400.7 

0.652 

83.8 

1884.5 

0.514 

74.5 


1269.4 

0.427 

59.8 

1912.9 

0.558 

83.1 

1721 

0.538 

63.6 

1898.1 

0.559 

81.6 

953.5 
0.377 
40.0 

1929.1 

0.606 

73.5 

1622.1 

0.495 

70.6 

2149.4 

0.660 

77.2 


Sep 


2120.3 

0.728 

73.6 

962 

0.449 

54.8 

1703.3 

0.559 

80.6 

1322.5 

0.526 

62.2 

1519.2 

0.515 

77.4 

428.4 
0.315 
31.7 

1441.3 

0.581 

61.6 

1314 

0.492 

64.2 


Oct 


1639.8 

0.711 

62.1 

454.6 
0.347 
48.2 

1544.6 

0.608 

73.2 

780.4 
0.435 
55.7 

1290.8 

0.543 

66.5 

152.4 

0.35 

18.6 

1018.1 

0.584 

49.6 

941 

0.472 

54.1 


1717.7  1128.4 
0.656  0.588 
66.7   56.3 


1570.1  1267.5 
0.480  0.477 
73.8   66 


2124 

0.617 

86.9 

1675.6 

0.527 

65.0 

1933.6 

0.569 

82.3 

1840.6 

0.559 

75.1 

1953.1 

0.588 

79.4 

1572.7 

0.475 

75.9 

2287.8 

0.687 

79.4 

2210.7 

0.663 

82.4 

1627.7 

0.498 

72.4 


1774.9 

0566 

84.1 

1254.6 

0.506 

56.2 

1557.2 

0.525 

79.1 

1410.3 

0.524 

68.5 

1689.6 

0.606 

71.9 

1189.3 

0.433 

70.1 

1856.8 

0.664 

76.7 

1841.7 

0.654 

73.7 

1303.3 

0.493 

65.0 


896.7 
0.453 
57.4 

1536.5 

0.570 

78.9 

793 

0.455 

44.7 

1332.1 

0.554 

69.8 

997 

0.491 

57.4 

1202.6 

0.562 

61.4 

919.5 
0.441 
58 

1288.5 

0.598 

67.8 

1421 

0.650 

61.7 

891.5 
0.456 
53.5 


1274.2 

0.684 

47.8 

220.3 
0.304 
41.9 

1243.2 

0.574 

63.7 


Dec 


1051.6 

0.704 

39.4 

152 

0.361 
37.4 

982.3 
0.543 
58.5 


413.6  295.2 
0.336  0.332 
48.5    43.9 


997.8 
0.510 

54.8 

22.9 

2.6 

600.4 
0.510 
31.4 

592.2 
0.406 
43.3 

678.6 
0.494 
42.3 

635.8 
0.372 
46.6 


751.6 
0.474 
47.7 


-8.6 

464.2 
0.547 
18.4 

482.3 
0.436 
31.5 

456.8 
0.442 
33.1 

442.8 
0.40O 
34.9 


1104.8  982.3 
0.468  I  0.488 
70.7   I  65.2 


415.5 
0.352 
31.3 

1073.8 

0.539 

59.8 

526.6 
0.351 
44.0 

839.5 
0.510 
46.1 

479 

0.302 

44.5 

795.6 
0.477 
57 

1065.3 

0.625 

46.5 

473.1 
0.333 
40.0 


398.9 
0.470 
16.8 

952 

0.586 

54.0 

427.3 
0.371 
32.8 

590.4 
0.457 
35.8 

430.2 
0.351 
34.0 

550.5 
0.421 
48.7 

873.8 
0.652 
36.8 

379.7 
0.349 
29.0 


*  Liu,  B.Y.H.  and  Jordan,  R.C.,  "A  Rational  Procedure  for  Predicting  The 
Long-Term  Average  Performance  of  Flat-Plate  Solar-Energy  Collectors," 
Solar  Energy,  Vol.  7,  No.  2,  pp.  71-74,  1963. 
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Table  3-1    (continued) 


East  Wareham,  Mass. 
Lat.  41°46'  N. 
El.  18  ft 

Edmonton,  Alberta 
Lat.  53°35"N. 
El.  2219  ft 

El  Paso,  Texas 
Lat.  31°48'  N. 
El.  3916  ft 

Elv,  Nevada 
Lat.  3917'  N. 
El.  6262  ft 

Fairbanks,  Alaska 
Lat.  64°49'  N. 
El.  436  ft 

Fort  Worth,  Texas 
Lat.  32c50'  N. 
El.  544  ft. 

Fresno,  Calif. 
Lat.  36°46'  N. 
El.  331  ft. 

Gainesville,  Fla. 
Lat.  29°39'  N. 
El.  165  ft 

Glasgow,  Mont. 
Lat.  48°13'  N. 
El.  2277  ft 

Grand  Junction,  Colorado 
Lat.  39°07'  N. 
El.  4849  ft 

Grand  Lake,  Colo. 
Lat.  40°15'  N. 
El.  8389  ft 

Great  Falls,  Mont. 
Lat.  47°29'  N. 
El .  3664  ft 

Greensboro,  N.  C. 
Lat.  36°05'  N. 
El.  891  ft 

Griffin,  Georgia 
Lat.  33°15'  N. 
El .  980  ft 

Hatteras,  N.  C. 
Lat.  35°13'  N. 

El .  7  ft 

Indianapolis,  Ind. 
Lat.  39°44'  N. 
El.  793  ft 

Inyokern,  Calif. 
Lat.  35°39'  N. 
El.  2440  ft 

Ithaca,  N.  Y. 
Lat.  42°27'  N. 
El.  950  ft 

Lake  Charles,  La. 
Lat.  30°13'  N. 
El.  12  ft 

Lander,  Wvo. 
Lat.  42°48'"N. 
El.  5370  ft 


// 
A", 


H 

A\ 


II 


II 

K, 

to 

II 

R, 

U 

II 

K, 

U 

H 

K, 
to 

II 

K, 


II 

K, 


II 
K, 


II 

R, 


II 

R, 

to 
II 

R, 


II 
R, 

to 

H 
R, 

to 

fi 
Rt 


II 
R, 


H 

R, 


H 
R, 


H 
R, 


Jan 


504.4 
0.398 
32.2 

331.7 
0.529 
10.4 

1247.6 

0.680 

47.1 

871.6 
0.618 
27.3 

66 

0.639 

-7.0 

936.2 
0.530 
48.1 

712.9 
0.462 
47.3 

1036.9 

0.535 

62.1 

572.7 
0.621 
13.3 


Feb 


0.597 
26.9 

735 

0.541 

18.5 

524 

0.552 

25.4 

743.9 
0.469 
42.0 

889.6 
0.513 
48.9 

891.9 
0.546 
49.9 

526.2 
0.380 
31.3 

1148.7 

0.716 

47.3 

434.3 
0.351 
27.2 

899.2 
0.473 
55.3 

786.3 

0.65 

20.2 


762.4 
0.431 
31.6 

652.4 
0.585 
14 

1612.9 

0.714 

53.1 

1255 

0.660 
32.1 

283.4 
0.556 
0.3 

1198.5 

0.541 

52.3 

1116.6 

0.551 
53.9 

1324.7 

0.56 

63.1 

965.7 

0.678 
17.3 


Mar 


1132.1 

0.469 
39.0 


Apr 


1392.6 

0.449 

48.3 


1165.3    1541.7 
0.624     0.564 
26.3       42.9 


2048.7 
0.730 

58.7 

1749.8 

0.692 

39.5 

860.5 
0.674 
13.0 

1597.8 

0.577 

59.8 

1652.8 

0.632 

59.1 

1635 

0.568 
67.5 


2447.2 

0.741 

67.3 

2103.3 

0.664 

48.3 

1481.2 

0.647 

32.2 


May 


1704.8 

0.480 

58.9 

1900.4 

0.558 

55.4 

2673' 
0.743 
75.7 

2322.1 

0.649 

57.0 

1806.2 

0.546 

50.5 


Jun 


1829.1  2105.1 

0.556  0.585 

68.8  75.9 

2049.4  24092 

0.638  0.672 

65 . 6  73 . 5 


1950.4 

0.587 

72.8 


1437.6  1741.3 
0.672  !  0.597 
31.1  I  47.8 


1210.7  1622.9 
0.633  0.643 
35.0   44.6 


1135.4 

0.615 

23.1 

869.4 
0.596 
27.6 


1579.3 
0.637 

28.5 

1369.7 

0.631 

35.6 


2002.2 

0.632 

55.8 

1876.7 

0.597 

39.1 

1621.4 

0.551 

47.7 


1934.7 

0.538 

79.4 

2127.3 

0.611 

59.3 


1031.7  1323.2  1755.3 
0.499  0.499  0.543 
44.2   51.7   60.8 


1135.8 

0.517 

51.0 

1184.1 

0.563 

49.5 

797.4 
0.424 
33.9 

1554.2 

0.745 

53.9 


1450.9! 
0.528  | 
59.1 

1590. 4 1 

0.593 

54.7 

1184. lj  1481.2 
0.472  0.47 


1923.6 

0.586 

66.7 

2128 

0.655 

61.5 


43.0 

2136.9 

0.803 

59.1 


755    1074.9 
0.435  0.45 
26.5   36 


1145.7 
0.492 

58.7 

1146.1 

0.672 

26.3 


1487.4 

0.521 

63.5 

1638 

0.691 

34.7 


54.1 

2594.8 

0.8 

65.6 

1322.9 

0.428 

48.4 

1801.8 

0.542 

70.9 

1988.5 

0.647 

45.5 


1958.3 

0.520 

67.5 

1914.4 

0.514 

61.3 

2731 

0.733 
84.2 

2649 

0.704 

65.4 

1970.8 

0.529 

62.4 

2437.6 

0.654 

84.0 

2641.7 

0.703 

80.7 

1960.9 
0.531 

83.4 

2261.6 

0.602 

67.3 


July 


2300.3:  2645.4 
0.643  0.704 
66.3   75.7 


1974.9 
0.553 

48.7 

1970.8 

0.565 

57.5 

1988.5 

0.554 

69.9 

2163.1 

0.601 

74.6 

2376.4 

0.661 

69.9 

1828 

0.511 

64.9 

2925.4 

0.815 

73.5 

1779.3 

0.502 

59.6 


2369.7 

0.63 

56.6 

2179.3 

0.580 

64.3 

2111.4 

0.563 

78.0 

2176 

0.583 

81.2 

2438 
0.652 

77.2 

2042 
0.543 

74.8 

3108.8 

0.830 

80.7 

2025.8 

0.538 

68.9 


2080.4  2213.3 
0.578  j  0.597 
77.4   83.4 


2114 

0.597 

56.0 


1873.8 

0.511 

74.1 


Aug 


Sep 


1607.4  1363.8 


Oct 


0.489 

72.8 


0.508 
65.9 


1964.9  1528   1113.3 
0.549  0.506  0.506 
66.6   63.2  j  54.2 


2391.1 

0.652 

84.9 

2417 

0.656 

74.5 

1702.9 

0.485 

63.8 

2293.3 
0.624  | 
87.7 

2512.2 

0.682 

87.5 

1895.6 
0.519 

83.8 

2414.7 

0.666 

76 


2350.5 

0.669 

83.4 

2307.7 

0.695 

72.3 

1247.6 

0.463 

58.3 

2216.6 
0.653 

88.6 

2300.7 

0.686 

84.9 

1873.8 

0.547 

84.1 

1984.5 

0.030 

73.2 


2077.5 
0.693 

78.5 

1935 

0.696 

63.7 


0.496 
56 

704.4 
0.504 
44.1 

1704. 1 
0.695 
69.0 

1473 

0.691 

52.1 


Nov 


699.6  323.6 
0.419  j  0.416 
47.1     I  29.6 


1880.8 

0.634 

81.3 


1476 

0.612 

71.5 


636.2 
0.431 
46 

413.6 
0.510 
26.7 

1324.7 

0.647 

56.0 


Dec 
521 

0.461 
34.8 

245 

0.492 

14.0 

1051.6 

0.626 

48.5 


1078.6  !  814.8 
0.658  i  0.64 
39.9   !  31.1 


104.1 

0.47 

5.5 


20.3 

0.458 

-6.6 


1147.6  !  913.6 
0.576  j  0.563 
58.8   i  50.8 


1897.8  1415.0 
0.665  0.635 
78.6   68.7 


906.6 
0.512 
57.3 


616.6 

0.44 

48.9 


1615.1  1312.21  1169.7  j  919.5 
0.529  0.515  i  0.537  0.508 
82     75.7   67.2    62.4 


2517.7  2157.2 
0.690  I  0.65 
82.5   79.6 


2103.3 
0.572 

62.8 

2383 

0.656 

73.8 

2033.9 

0.552 

80.2 

2064.9 

0.562 

83.0 

2334.3 

0.634 

80.0 

2039.5 

0.554 

79.6 

2908.8 

0.790 

87.5 

2031.3 

0.554 

73.9 

1968.6 
0.538 

84.8 


1708.5 

0.516 

61.5 

1986.3 

0.627 

71.3 


1531 

0.629 

61.2 

1957.5 

0.705 

71.4 

1715.8 

0.626 

55.5 

1536.5 

0.626 

60.6 


1810.3  1517.3 
0.538  0.527 
78.9   73.9 


1961.2 

0.578 

82.2 

2085.6 

0.619 

79.8 

1832.1 

0.552 

77.4 


1605.9 
0.543 

78.4 

1758.3 

0.605 

76.7 

1513.3 

0.549 

70.6 


2759.4  2409.2 
0.820  I  0.834 
84.9  [  78.6 

1736. 9!  1320.3 
0.530  I  0.497 
71.9  !  34.2 


997 

0.593 

49.2 

1394.8 

0.654 

58.3 

1212.2: 

0.583 

45.2 

984.9 
0.574 
51.4 

1202.6 
0.531 

62.7 

1352.4 

0.565 

68 


574.9 
0.516 
31.0 

969.7 

0.59 

42.0 

775.6 
0.494 
30.3 

575.3 
0.503 
38.0 

908.1 
0.501 
51.5 

1073.8 

0.545 

57.3 


1337.6  1053.5 
0.58  |  0.566 
67.9   59.1 

1094. 4!  662.4 


0.520 
59.3 


0.413 
44.2 


1819. 21  137G.1 
0.795  i  0.743 
68.7  j  57.3 

918.4  !  466.4 
0.465  !  0.324 
53.6     I  41.5 


1910.3    1678.2    1505.5 
0.558  j  0.553  j  0.597 
85.0       81.5     !  73.8 


2492.2    2438.4    2120. 6!  1712.9 


1122.1 

0.524 

62.6 


0.662  i  0.665 
65.4     i  74.6 


0.649 
72.5 


0.647 
61.4 


1301.8    837.3 


0.666 
48.3 


0.589 
33.4 


428.4 
0.548 
18.6 

793.4 
0.621 
31.4 

660.5 
0.542 
22.6 

420.7 
0.518 
29.1 

690.8 
0.479 
43.2 

781.5 
0.487 
49.4 

798.1 
0.535 
51.3 

491.1 
0.391 
33.4 

1094.4 

0.742 

48.9 

370.8 
0.337 
29.6 

875.6 
0.494 
50.9 

694.8 
0.643 

23.8 
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Jan 

Feb 

Mar 

Apr 

May 

Jun 

July 

Aug 

Sep 

Oct 

Nov 

Dec 

Las  Vegas,  Nev. 
Lat.  36°05'  N. 
El.  2162  ft 

R 
Rt 

to 

1035.8 

0.654 

47.5 

1438 

0.697 

53.9 

1926.5 

0.728 

60.3 

2322.8 

0.719 

69.5 

2629.5 

0.732 

78.3 

2799.2 

0.746 

88.2 

2524 

0.685 

95.0 

2342 

0.697 

92.9 

2062 
0.716 

85.4 

1602.6 

0.704 

71.7 

1190 

0.657 

57.8 

964.2 
0.668 
50.2 

Lemont,  Illinois 
Lat.  41°40'  N. 
El.  595  ft 

R 
R, 

to 

(590) 

(0.464) 

28.9 

879 

0.496 

30.3 

1255.7 

0.520 

39.5 

1481.5 

0.477 

49.7 

1866 

0.525 

59.2 

2041.7 

0.542 

70.8 

1990.8 

0.542 

75.6 

1836.9 

0.559 

74.3 

1469.4 

0.547 

67.2 

1015.5 

0.506 

57.6 

(639) 

(0.433) 

43.0 

(531) 

(0.467 

30.6 

Lexington,  Ky. 
Lat.  38°02'  N. 
El.  979  ft 

R 

R, 

to 

36.5 

38.8 

47.4 

1834.7 

0.575 

57.8 

2171.2 

0.606 

67.5 

76.2 

2246.5 

0.610 

79.8 

2064.9 
0.619 

78.2 

1775.6 

0.631 

72.8 

1315.8 

0.604 

61.2 

47.6 

681.5 
0.513 
38.5 

Lincoln,  Neb. 
Lat.  40°51'  N. 
El.  1189  ft 

R 

R< 

to 

712.5 
0.542 

27.8 

955.7 
0.528 
32.1 

1299.6 

0.532 

42.4 

1587.8 

0.507 

55.8 

1856.1 

0.522 

65.8 

2040.6 

0.542 

76.0 

2011.4 

0.547 

82.6 

1902.6 

0.577 

80.2 

1543.5 

0.568 

71.5 

1215.8 

0.596 

59.9 

773.4 
0.508 
43.2 

643.2 
0.545 
31.8 

Little  Rock,  Ark. 
Lat.  34°44'  N. 
El.  265  ft 

R 
R, 

to 

704.4 
0.424 
44.6 

974.2 
0.458 
48.5 

1335.8 

0.496 

56.0 

1669.4 
0.513 

65.8 

1960.1 

0.545 

73.1 

2091.5 

0.559 

76.7 

2081.2 

0.566 

85.1 

1938.7 

0.574 

84.6 

1640.6 

0.561 

78.3 

1282.6 

0.552 

67.9 

913.6 
0.484 
54.7 

701.1 
0.463 
46.7 

Los  Angeles,  Calif.  (WBAS) 
Lat.  33°56'  N. 
El.  99 

R 
Rt 

to 

930.6 
0.547 
56.2 

1284.1 

0.596 

56.9 

1729.5 

0.635 

59.2 

1948 

0.595 

61.4 

2196.7 

0.610 

64.2 

2272.3 

0.608 

66.7 

2413.6 

0.657 

69.6 

2155.3 

0.635 

70.2 

1898.1 

0.641 

69.1 

1372.7 

0.574 

66.1 

1082.3 

0.551 

62.6 

901.1 

0.566 
58.7 

Los  Angeles,  Calif.  (WBO) 
Lat.  34°03'  N. 

R 
Rt 

to 

911.8 
0.538 
57.9 

1223.6 

0.568 

59.2 

1640.9 

0.602 

61.8 

1866.8 

0.571 

64.3 

20612 

0.573 

67.6 

2259 

0.605 

70.7 

2428.4 
0.66 

75.8 

2198.9 

0.648 

76.1 

1891.5 

0.643 

74.2 

1362.3 

0.578 

69.6 

1053.1 

0.548 

65.4 

877.8 
0.566 
60.2 

Madison,  Wis. 
Lat.  43°08'  N. 
El.  866  ft 

R 
Rt 

to 

564.6 

0.49 

21.8 

812.2 
0.478 
24.6 

1232.1 

0.522 

35.3 

1455.3 

0.474 

49.0 

1745.4 

0.493 

61.0 

2031 . 7 

0.540 

70.9 

2046.5 

0.559 

76.8 

1740.2 

0.534 

74.4 

1443.9 

0.549 

65.6 

993 

0.510 

53.7 

555.7 
0.396 
37.8 

495.9 
0.467 
25.4 

Matanuska,  Alaska 
Lat.  61°30'  N. 
El.  180  ft 

R 
Rt 

to 

119.2 
0.513 
13.9 

345 

0.503 

21.0 

27.4 

1327.6 

0.545 

38.6 

1628.4 

0.494 

50.3 

1727.6 

0.466 

57.6 

1526.9 

0.434 

60.1 

1169 

0.419 

58.1 

737.3 
0.401 
50.2 

373.8 
0.390 
37.7 

142.8 
0.372 
22.9 

56.4 

0.364 

13.9 

Medford,  Oregon 
Lat.  42°23'  N. 
El.  1329  ft 

I 

to 

435.4 
0.353 
39.4 

804.4 
0.464 
45.4 

1259.8 

0.527 

50.8 

1807.4 

0.584 

56.3 

2216.2 

0.625 

63.1 

2440.5 

0.648 

69.4 

2607.4 

0.710 

76.9 

2261.6 

0.689 

76.4 

1672.3 

0.628 

69.6 

1043.5 

0.526 

58.7 

558.7 
0.384 
47.1 

346.5 
0.313 
40.5 

Miami,  Florida 
Lat.  25°47'  N. 
El.  9  ft 

R 
Rt 

to 

1292.2 

0.604 

71.6 

1554.6 

0.616 

72.0 

1828.8 

0.612 

73.8 

2020.6 

0.600 

77.0 

2068.6 

0.578 

79.9 

1991.5 

0.545 

82.9 

1992.6 

0.552 

84.1 

1890.8 

0.549 

84.5 

1646.8 

0.525 

83.3 

1436.5 

0.534 

80.2 

1321 

0.559 

75.6 

1183.4 

0.588 

72.6 

Midland,  Texas 
Lat.  31°56'  N. 
El.  2854  ft 

R 
Rt 

to 

1066.4 

0.587 

47.9 

1345.7 

0.596 

52.8 

1784.8 

0.638 

60.0 

2036.1 

0.617 

68.8 

2301 . 1 

0.639 

77.2 

2317.7 

0.622 

83.9 

2301.8 
0.628 

85.7 

2193 

0.643 

85.0 

1921.8 

0.642 

78.9 

1470.8 

0.600 

70.3 

1244.3 

0609 
56.6 

1023.2 

0.611 

49.1 

Nashville,  Tenn. 
Lat.  36°07'  N. 
El.  605  ft 

R 
Rt 

to 

589.7 
0.373 
42.6 

907 

0.440 

45.1 

1246.8 

0.472 

52.9 

1662.3 

0.514 

63.0 

1997 

0.556 

71.4 

2149.4 

0.573 

80.1 

2079.7 

0565 

83.2 

1862.7 

0.554 

81.9 

1600.7 

0.556 

76.6 

1223.6 

0.540 

65.4 

823.2 
0.454 
52.3 

614.4 
0.426 
44.3 

Newport,  Ft.  I. 

Lat.  41°29'  N. 
El.  60  ft 

R 
Rt 

to 

565.7 
0.438 
29.5 

856.4 
0.482 
32.0 

1231.7 

0.507 

39.6 

1484.8 
0.477 

48.2 

1849 

0.520 

58.6 

2019.2 

0.536 

67.0 

1942.8 

0.529 

73.2 

1687.1 

0.513 

72.3 

1411.4 

0.524 

66.7 

1035.4 

0.512 

56.2 

656.1 

0.44 

46.5 

527.7 
0.460 
34.4 

New  York,  N.  Y. 
Lat.  40°46'  N. 
El.  52  ft 

R 
Rt 

to 

539.5 
0.406 
35.0 

790.8 
0.435 
34.9 

1180.4 

0.480 

43.1 

1426.2 

0.455 

52.3 

1738.4 

0.488 

63.3 

1994.1 

0.53 

72.2 

1938.7 

0.528 

76.9 

1605.9 

0.486 

75.3 

1349.4 

0.500 

69.5 

977.8 
0.475 
59.3 

598.1 
0.397 
48.3 

476 

0.403 

37.7 

Oak  Ridge,  Tenn. 
Lat.  36°01'  N. 
El.  905  ft 

R 
Rt 

to 

604 

0.382 

41.9 

895.9 
0.435 
44.2 

1241.7 

0.471 

51.7 

1689.6 

0.524 

61.4 

1942.8 

0.541 

69.8 

2066.4 

0.551 

77.8 

1972.3 

0.536 

80.2 

1795.6 
0.534 

78.8 

1559.8 

0.542 

74.5 

1194.8 

0.527 

62.7 

796.3 
0.438 
50.4 

610 

0.422 

42.5 

Oklahoma  City,  Oklahoma 
Lat.  35°24'  N. 
El.  1304  ft 

R 
Rt 

to 

938 

0.580 

40.1 

1192.6 

0.571 

45.0 

1534.3 

0.576 

53.2 

1849.4 

0.570 

63.6 

2005.1 

0.558 

71.2 

2355 

0.629 

80.6 

2273.8 

0.618 

85.5 

2211 

0.656 

85.4 

1819.2 

0.628 

77.4 

1409.6 

0.614 

66.5 

1085.6 

0.588 

52.2 

897.4 
0.608 
43.1 

Ottawa,  Ontario 
Lat.  45°20'  N. 
El.  339  ft 

R 
Rt 

to 

539.1 
0.499 
14.6 

852.4 
0.540 
15.6 

1250.5 
0.554 

27.7 

1506.6 

0.502 

43.3 

1857.2 

0.529 

57.5 

2084.5 

0.554 

67.5 

2045.4 

0.560 

71.9 

1752.4 

0.546 

69.8 

1326.6 

0.521 

61.5 

826.9 
0.450 
48.9 

458.7 
0.359 
35 

408.5 
0.436 
19.6 

Phoenix,  Ariz. 
Lat.  33°26'  N. 
El.  1112  ft 

R 
Rt 

to 

1126.6 

0.65 

54.2 

1514.7 

0.691 

58.8 

1967.1 

0.716 

64.7 

2388.2 

0.728 

72.2 

2709.6 

0.753 

80.8 

2781.5 

0.745 

89.2 

2450.5 

0.667 

94.6 

2299.6 

0.677 

92.5 

2131.3 

0.722 

87.4 

1688.9 

0.708 

75.8 

1290 

0.657 

63.6 

1040.9 

0.652 

56.7 

Portland,  Maine 
Lat.  43°39'  N. 
El.  63  ft 

R 
Rt 

to 

565.7 
0.482 
23.7 

874.5 
0.524 
24.5 

1329.5 

0.569 

34.4 

1528.4 

0.500 

44.8 

1923.2 

0.544 

55.4 

2017.3 

0.536 

65.1 

2095.6 

0.572 

71.1 

1799.2 

0.554 

69.7 

1428.8 

0.546 

61.9 

1035 

0.539 

51.8 

591.5 
0.431 
40.3 

507.7 
0.491 
28.0 
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Jan 

Feb 

Mar 

Apr 

May 

Jun 

July 

Aur 

Sep 

Oct 

Nov 

Dec 

Rapid  City,  S.  D. 
Lat.  44°09'  N. 
El.  3218  ft 

H 

to 

687.8 
0.601 
24.7 

1032.5 

0.627 

27.4 

1503.7 

0.649 

34.7 

1807 

0.594 

48.2 

2028 

0.574 

58.3 

2193.7 

0.583 

07.3 

2235.8 

0.612 

76.3 

2019.9 

0.622 

75.0 

1628 

0.628 

64.7 

1179.3 

0.624 

52.9 

763.1 
0.566 
38.7 

590.4 
0.588 
29.2 

Riverside,  Calif. 
Lat.  33°57'  N. 
El.  1020  ft 

H 
K, 

to 

999.6 
0.589 
55.3 

1335 

0.617 

57.0 

1750.5 

0.643 

60.6 

1943.2 

0.594 

65.0 

2282.3 

0.035 

69.4 

2492.6 

0.667 

74.0 

2443.5 

0.665 

81.0 

2203.8 

0.668 

81.0 

1955.3 

0.665 

78.5 

1509.6 

0.639 

71.0 

1169 

0.600 

63.1 

979.7 
0.626 
57.2 

Saint  Cloud,  Minn. 
Lat.  45°35'  N. 
El.  1034  ft 

H 

to 

632.8 
0.595 
13.6 

976.7 
0.629 
16.9 

1383 

0614 

29.8 

1598.1 

0.534 

46.2 

1859.4 

0.530 

58.8 

2003.3 

0.533 

68.5 

2087.8 

0.573 

74.4 

1828.4 

0.570 

71.9 

1369.4 

0539 

62.5 

890.4 
0.490 
50.2 

545.4 
0.435 
32.1 

463.1 

0.504 
18.3 

Salt  Lake  City,  Utah 
Lat.  40°46'  N. 
El.  4227  ft 

H 
K, 

to 

622.1 

0.468 
29.4 

986 

0.909 

36.2 

1301.1 

0.529 

44.4 

1813.3 

0.578 

53.9 

63.1 

71.7 

81.3 

79.0 

1689.3 

0.021 

68.7 

1250.2 

0.610 

57.0 

42.5 

552.8 
0.467 
34.0 

San  Antonio,  Tex. 
Lat.  29°32'  N. 
El.  794  ft 

H 

to 

1045 

0.541 

53.7 

1299.2 

0.550 

58.4 

1560.1 

0.542 

65.0 

1664.6 

0.500 

72.2 

2024.7 

0.563 

79.2 

814.8 
0.220 
85.0 

2364.2 

0.647 

87.4 

2185.2 

0.637 

87.8 

1844.6 

0.603 

82.6 

1487.4 
0.584 

74.7 

1104.4 

0.507 

63.3 

954.6 
0.528 
56.5 

Santa  Maria,  Calif. 
Lat.  34°54'  N. 
El.  238  ft 

H 
K, 

to 

983.8 
0.595 
54.1 

1296.3 

0.613 

55.3 

1805.9 

0.671 

57.6 

2067.9 

0.636 

59.5 

2375.6 

0.661 

61.2 

2599.6 

0.695 

63.5 

2540.6 

0.690 

65.3 

2293.3 

0.078 

65.7 

1965.7 

0.674 

65.9 

1566.4 

0.676 

64.1 

1169 

0.024 

60.8 

943.9 
0.627 
56.1 

Sault  Ste.  Marie,  Michigan 
Lat.  46°28'  N. 
El.  724  ft 

H 

Kt 

to 

488.6 
0.490 
16.3 

843.9 
0.560 
16.2 

1336.5 

0.606 

25.6 

1559.4 

0.526 

39.5 

1962.3 

0.560 

52.1 

2064.2 

0.549 

61.6 

2149.4 

0.590 

67.3 

1767.9 

0.554 

66.0 

1207 

0.481 

57.9 

809.2 
0.457 
46.8 

392.2 
0.323 
33.4 

359.8 
0.408 
21.9 

Sayville,  N.  Y. 
Lat.  40°30'  N. 
El.  20  ft 

H 
K, 

to 

602.9 
0.453 
35 

936.2 
0.511 
34.9 

1259.4 

0.510 

43.1 

1560.5 

0.498 

52.3 

1857.2 

0.522 

63.3 

2123.2 

0.564 

72.2 

2040.9 

0.555 

76.9 

1734.7 

0.525 

75.3 

1446.8 

0.530 

69.5 

1087.4 

0.527 

59.3 

697.8 
0.450 
48.3 

533.9 
0.447 
37.7 

Schenectady,  N.  Y. 
Lat.  42°50'  N. 
El.  217  ft 

H 
R, 

to 

488.2 
0.406 
24.7 

753.5 
0.441 
24.6 

1026.6 

0.433 

34.9 

1272.3 

0.413 

48.3 

1553.1 

0.438 

61.7 

1687.8 

0.448 

70.8 

1662.3 

0.454 

76.9 

1494.8 

0.458 

73.7 

1124.7 

0.426 

64.6 

820.6 
0.420 
53.1 

436.2 
0.309 
40.1 

356.8 
0.331 
28.0 

Seattle,  Wash. 
Lat.  47°27'  N. 
El.  386  ft 

H 

to 

282.6 
0.296 
42.1 

520.6 
0.355 
45.0 

992.2 
0.456 
48.9 

1507 

0.510 

54.1 

1881.5 

0.538 

59.8 

1909.9 

0.508 

64.4 

2110.7 

0.581 

68.4 

1688.5 

0.533 

67.9 

1211.8 

0.492 

63.3 

702.2 
0.407 
56.3 

386.3 
0.336 
48.4 

239.5 
0.292 
44.4 

Seattle,  Wash. 
Lat.  47°36'  N. 
El.  14  ft 

H 
K. 

to 

252 

0.266 

38.9 

471.6 
0.324 
42.9 

917.3 
0.423 
46.9 

1375.6 

0.468 

51.9 

1664.9 

0.477 

58.1 

1724 

0.459 

62.8 

1805.1 

0.498 

67.2 

1617 

0.511 

66.7 

1129.1 

0.459 

61.6 

638 

0.372 

54.0 

325.5 

0.284 
45.7 

218.1 
0.269 
41.5 

Seabrook,  N.J. 
Lat.  39°30'  N. 
El.  100  ft 

H 
R, 

to 

591.9 
0.426 
39.5 

854.2 
0.453 
37.6 

1195.6 

0.476 

43.9 

1518.8 

0.481 

54.7 

1800.7 

0.504 

64.9 

1964.6 

0.522 

74.1 

1949.8 

0.530 

79.8 

1715 

0.517 

77.7 

1445.7 

0.524 

69.7 

1071.9 

0.508 
61.2 

721.8 
0.449 
48.5 

522.5 
0.416 
39.3 

Spokane,  Wash. 
Lat.  47°40'  N. 
El.  1968 

H 
R, 

to 

446.1 
0.478 
26.5 

837.6 
0.579 
31.7 

1200 

0.556 

40.5 

1764.6 

0.602 
49.2 

2104.4 

0.603 

57.9 

2226.5 

0.593 

64.6 

2479.7 

0.684 
73.4 

2076 
0 .  656 
71.7 

1511 

0.616 
62.7 

844.6 
0.494 
51.5 

486.3 

0.428 
37.4 

279 

0.345 

30.5 

State  College,  Pa. 
Lat.  40°48'  N. 
El.  1175  ft 

H 
R, 

to 

501.8 
0.381 
31.3 

749.1 
0.413 
31.4 

1106.6 

0.451 

39.8 

1399.2 

0.448 

513 

1754.6 

0.493 

63.4 

2027.6 

0.539 

71.8 

1968.2 

0.536 

75.8 

1690 

0.512 

73.4 

1336.1 

0.492 

66.1 

1017 

0.496 

55.6 

580.1 
0.379 
43.2 

443.9 
0.376 
32.6 

Stillwater,  Okla. 
Lat.  36°09'  N. 
El.  910  ft 

H 
R, 

to 

763.8 
0.484 
41.2 

1081.5 

0.527 

45.6 

1463.8 

0.555 

53.8 

1702.6 
0  528 
64.2 

1879.3 

0.523 

71.6 

2235.8 

0.596 

81.1 

2224.3 

0.604 

85.9 

2039.1 

0.607 

85.9 

1724.3 

0.599 

77.5 

1314 

0.581 

67.6 

991.5 
0.548 
52.6 

783 

0.544 

43.9 

Tampa,  Fla. 
Lat.  27°55'  N. 
El.  11  ft 

H 
K, 

to 

1223.6 

0.605 

64.2 

1461.2 

0.600 

65.7 

1771.9 

0.606 

68.8 

2016.2 

0.602 

74.3 

2228 

0.620 

79.4 

2146.5 

0.583 

83.0 

1991.9 

0.548 

84.0 

1845.4 

0.537 

84.4 

1687.8 

0.546 

82.9 

1493.3 
0.572 

77.2 

1328.4 

0.590 

69.6 

1119.5 

0.589 

65.5 

Toronto,  Ontario 
Lat.  43°41'  N. 
El.  379  ft 

H 
K, 

to 

451.3 
0.388 
26.5 

674.5 
0.406 
26.0 

1088.9 

0.467 

34.2 

1388.2 

0.455 

46.3 

1785.2 

0.506 

58 

1941.7 

0.516 

68.4 

1968.6 

0.539 

73.8 

1622.5 

0.500 

71.8 

1284.1 

0.493 

64.3 

835 

0.438 

52.6 

458.3 
0.336 
40.9 

352.8 
0.346 
30.2 

Tucson,  Arizona 
Lat.  32°07'  N. 
El.  2556  ft 

H 
K, 

to 

1171.9 

0.648 

53.7 

1453.8 

0.646 

57.3 

62.3 

2434.7 

0.738 

69.7 

78.0 

2601.4 

0.698 

87.0 

2292.2 

0.625 

90.1 

2179.7 

0.640 

87.4 

2122.5 

0.710 

84.0 

1640.9 

0.672 

73.9 

1322.1 

0.650 

62.5 

11321 

0.679 
56.1 

Upton,  N.  Y. 
Lat.  40°52'  N. 
El.  75  ft 

H 
R, 

to 

583 

0.444 

35.0 

872.7 
0.483 
34.9 

1280.4 

0.522 

43.1 

1609.9 

0.514 

52.3 

1891.5 

0.532 

63.3 

2159 

0.574 

72.2 

2044.6 

0.557 

76.9 

1789.6 

0.542 

75.3 

1472.7 

0.542 

69.5 

1102.6 

0.538 

59.3 

686.7 
0.448 
48.3 

5513 
0.46" 
37.7 

Washington,  D.  C.  (WBCO) 
Lat.  38'°51'  N. 
El.  64  ft 

H 
R, 

to 

632.4 
0.445 
38.4 

901.5 
0.470 
39.6 

1255 

0.490 

48.1 

1000.4 

0.504 

57.5 

1846.8 
0.516 

67.7 

2080.8 

0.553 

76.2 

1929.9 

0.524 

79.9 

1712.2 

0.516 

77.9 

1446.1 

0.520 

72.2 

1083.4 

0.506 

60.9 

763.5 
0.464 
50.2 

594.1 
0.460 
40.2 

Winnipeg.  Man. 
Lat.  49°54'  N. 
El.  786  ft 

H 

to 

488.2 
0.601 
3.2 

835.4 
0.636 
7.1 

1354.2    1641.3 
0.661   1  0.574 
21.3     j  40.9 

1904.4 
0  550 
55.9 

1962 

0.524 

65.3 

2123.6 

0.587 

71.9 

1761.2 

0.567 

69.4 

1190.4 
0  504 
58.6 

767.5 
0.482 
45.6 

444.6 
0.436 
25.2 

345 

0.503 
10.1 
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Figure  3-20 
R  versus  Kj 
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INTRODUCTION 


RA1NEL-OR1ENTED  OBJECTIVE 


The  primary  objective  for  the  trainee  in  this  module  is  to  learn 
simple  and  rapid  methods  for  sizing  solar  collectors  and  designing 
heating  and  service  hot  water  systems. 

SUB-OBJECTIVES 

At  the  end  of  this  module  the  trainee  should  be  able  to: 

1.  Relate  information  on  solar  input  radiation  to  sizing  systems. 

2.  Describe  building  load  requirements. 

3.  Describe  the  efficiencies  of  components  and  systems. 

4.  Perform  quick  calculations. 

It  is  important  that  the  designer  of  solar  heating  and/or  cooling 
systems  be  able  to  perform  rapid  and  approximate  calculations  for 
determining  the  size  of  the  various  components  that  constitute  a  solar 
heating  and/or  cooling  system.  These  approximation  techniques  presented 
in  this  module  may  be  used  to  provide  quick  checks  against  more  detailed 
analyses  to  ensure  against  possible  gross  errors,  and  may  also  be  used 
to  provide  information  to  a  potential  client.  From  an  approximate  col- 
lector area  sizing,  and  using  an  installed  system  cost  based  on  collector 
area  (say  $20  per  square  foot  of  collector  as  given  in  Module  2),  an 
approximate  system  cost  can  be  estimated  for  the  purpose  of  discussions 
with  clients.   It  should  be  emphasized  that  the  methods  presented  in 
this  module  are  only  approximate  and  should  not  be  used  for  the  detailed 
design  of  a  system. 


4-2 
APPROXIMATE  COLLECTOR  SIZING  METHODS 

A.   HUCK-WINN  METHOD1 

Design  curves  have  been  developed  for  air  and  water  residential 
solar  heating  systems  for  space  and  service  hot  water  heating,  and 
service  hot  water  heating  separately.  The  system  configurations  modeled 
are  shown  in  Figures  4-1  through  4-4, and  the  assumed  daily  hot  water 
usage  schedule  is  given  in  Table  4-1. 

Several  methods  of  plotting  the  annual  fraction  of  the  heating  load 
supplied  by  the  solar  system,  f,  as  a  function  of  climatic  conditions 
were  tested.  Of  those  methods  tested^the  parametric  group  K.A/L  gave 
the  best  results;  H-r  is  the  January  solar  insolation  on  the  tilted 
collector  surface,  A  is  the  collector  area,  and  L  is  the  total  heating 
load  for  January. 

Thirty  cities,  dispersed  throughout  the  continental  United  States, 
were  selected  for  the  development  of  the  design  curves.  The  data  points 
for  each  location  were  obtained  by  assuming  a  particular  collector  and 
collector  area,  and  calculating  the  annual  fraction  of  the  heating  load 
supplied  by  the  solar  system  for  the  given  area. 

Three  restrictions  were  imposed  for  the  development  of  the  curves. 
One,  the  annual  fraction  of  the  load  supplied  by  the  solar  system,  f, 
must  be  at  least  0.1.  Two,  f  could  not  exceed  0.9.  And  three,  the 
collector  area  was  not  to  exceed  1200  square  feet.  These  restrictions 


Steven  Huck  and  C.  Byron  Winn,  "Design  Charts  for  Residential  Solar 
Heating  Systems,"  submitted  to  Solar  Energy,  December  1976. 
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Figure  4-1.  Air  System  -  Space  and  Service  Hot  Water  Heating 
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Figure  4-2.  Water  System  -  Space  and  Service  Hot  Water  Heating 
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Figure  4-3.  Air  System  -  Service  Hot  Water  Heating 
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Figure  4-4.  Water  System  -  Service  Hot  Water  Heating 
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Table  4-1.  Schedule  of  Daily  Hot  Water  Usage 


Time 

Percent 

of  Total 

Usage 

Time 

Percent 

of  Total  Usage 

Midnight  -  1 

2.25 

Noon  -  1 

3.60 

1 

-  2 

0.00 

1  -  2 

5.10 

2 

-  3 

0.00 

2  -  3 

2.70 

3 

-  4 

0.00 

3  -  4 

2.40 

4 

-  5 

0.00 

4  -  5 

2.10 

5 

-  6 

0.00 

5  -  6 

3.75 

6 

-  7 

1.50 

6  -  7 

6.75 

7 

-  8 

4.65 

7-8 

11.60 

8 

-  9 

7.25 

8  -  9 

9.60 

9 

-  10 

8.49 

9  -  10 

6.90 

10 

-  11 

6.90 

10  -  11 

5.46 

11  -  Noon 

4.50 

11 

-  Midnight 

4.65 

were  imposed  for  economic  reasons.  A  system  designed  to  supply  less  than 
10  percent  of  the  required  load  would  probably  never  realize  a  dollar 
savings  due  to  the  high  fixed  costs  of  the  system.  These  fixed  costs 
would  be  for  required  heat  exchangers,  pumps  or  blowers,  and  piping  or 
ducts.  On  the  other  hand,  a  system  designed  to  supply  more  than  90  percent 
of  the  required  load  may  not  realize  a  dollar  savings  due  to  the  high  cost 
of  the  collector  array  that  would  be  required.  For  this  same  reason  the 
collector  array  area  was  not  allowed  to  exceed  the  1200-square-foot 
limitation.  These  are  reasonable  restrictions  for  residential  construction, 
A  least-squares,  polynomial  curve  fit  of  the  form 

f  =  30  +  P1  H~TA/L  +  32  (TTTA/L)2  +  ...  +  3N  (H"TA/L)N 

was  selected  to  fit  the  data  generated  for  the  three  design  cases,  for 
all  of  the  collectors  tested.  The  design  curves  given  in  Figures  4-5 


4-6 

through  4-7  show  the  results  of  the  curve  fitting  process  for  each 
collector  analyzed.*  Table  4-2  outlines  the  resulting  standard  deviations 
for  each  design  case  and  collector.  The  values  that  were  assumed  for 
the  collector  parameters  and  their  respective  code  numbers,  for  use  with 
the  design  curves,  are  given  in  Table  4-3.  Values  for  additional  col- 
lectors are  shown  in  Table  4-4. 

The  following  example  problem  illustrates  the  use  of  these  curves. 
Suppose  that  we  wish  to  design  a  solar  system  to  provide  approximately 
75  percent  of  the  space  heating  and  service  hot  water  requirements  for  a 
house  to  be  located  near  Denver,  Colorado.  The  house  has  a  heat  load  of 
24,000  Btu/DD  (including  service  hot  water). 

The  January  heating  requirements  are  determined  by  multiplying  the 
heat  load  by  the  average  number  of  degree  days  for  January  as  determined 
from  Table  4-5, which  gives  normal  heating  degree  days  for  many  locations 
in  the  United  States**  A  degree  day  is  defined  as  the  difference  between 
the  average  temperature  and  65°F.  That  is,  if  the  average  temperature 
for  a  day  is  30°F,  then  there  would  be  65  -  30  =  35  degree  days  in  that 
day.  Continuing  with  our  example  we  obtain 

L  =  (24,000  ^)  (1,132  DD) 

=  27.168  x  106  Btu 

or  27.168  million  Btu  for  the  month  of  January. 

The  radiation  HT  on  the  tilted  surface  is  determined  by  the  use 
of  the  material  presented  in  Module  3.  First  we  find  the  radiation  on 


*  See  Approximate  Size  Curves,  pages  4-27  through  4-32 
**  See  Degree  Day  Tables,  pages  4-45  through  4-53 
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Table  4-2.  Standard  Deviations  for  Design  Curves 
of  Figures  4-5  Through  4-7 


Case  Description 


gure 

Coll.  No. 

Std.  Dev 

4-5 

7 

0.03124 

4-6 

1 

0.02922 

2 

0.02953 

3 

0.03847 

4 

0.02904 

5 

0.03202 

6 

0.03871 

4-7 

1 

0.04376 

2 

0.04249 

3 

0.04425 

4 

0.04416 

5 

0.03910 

6 

0.04896 

7 

0.04222 

Air  System  -  Space  Heating  and 
Service  Hot  Water  Heating 

Water  System  -  Space  Heating 
and  Service  Hot  Water  Heating 


Air  and  Water  Systems 
Hot  Water  Heating 


Service 


Table  4-3.     Solar  Collector  Data 


FnTCX 

FDU. 

R 

R  L 

Collector  Number 

Type 

Manufacturer 

Btu/hr-ft2-F 

1 

Water 

NASA/Honeywell 

.70 

.53 

2 

Water 

NASA/MSFC 

.53 

.66 

3 

Water 

NASA/ Honeywell 

.80 

1.17 

4 

Water 

NASA/ Honeywell 
Mylar  Honeycomb 

.74 

.55 

5 

Water 

NASA/Honeywell 

.71 

.74 

6 

Water 

PPG 

.62 

.94 

7 

Air 

Solaron 

.52 

.52 

Assumed 
Where 


F'/FR  =  0.97  for  all  water  collectors 

=1.00  for  air  collectors  (no  heat  exchanger) 


FR/FR 


FR 


U, 


is  the  heat  exchanger  factor 
is  the  collector  efficiency  factor 
is  the  collector  heat  removal  factor 
is  the  collector  overall  loss 


to  is  the  collector  transmittance-absorbance  product 
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Table  4-4.  Collector  Parameters 


r- 

FRUL 

Manufacturer 

Type 

FRxa 

(Btu/ft  h°F) 

Owens-Illinois 

Liquid 

.447 

.206 

Intertechnology 

Liquid 

.650 

.610 

GE 

Liquid 

.639 

.614 

LeRC 

Liquid 

.745 

.820 

Rocky  Mountain 

Liquid 

.679 

.789 

Southwest  Std. 

Liquid 

.672 

.794 

Sunworks 

Liquid 

.650 

.789 

Trantor 

Liquid 

.700 

.83* 

Mi  romi  t 

Liquid 

.724 

.947 

Beasley 

Liquid 

.600 

.759 

Soltex 

Liquid 

.600 

.759 

Revere 

Liquid 

.716 

.964 

Barber 

Liquid 

.816 

1.204 

Solar  Products 

Liquid 

.600 

1.057 

Taken  from  graphical  presentation  in  "Comparison  of  Flat-Plate  Collector 

Performance  Obtained  under  Controlled  Conditions  in  a  Solar  Simulator," 

by  S.  M.  Johnson  and  F.  F.  Simon  of  Lewis  Research  Center,  NASA,  Cleveland, 
Ohio. 


*Based  on  a  linearized  approximation  of  the  efficiency  curve 


4-9 


a  horizontal  surface  from  Figure  3-1.  We  see  that  this  is  approximately 

201  ly/day  for  the  region  near  Denver,  Colorado.  This  figure  is  con- 

2 
verted  to  Btu/ft  -day  by  multiplying  by  3.69.  Thus 

H=  (201  ^)  (3.69  ^p~) 

=  742  Btu/ft2-day 

The  factor,  R,  for  converting  this  to  the  tilted  surface  may  be  determined 
from  Figure  3-35  using  0.55  for  IC,  as  determined  by  the  average  ratio 
between  H   and  H,  where  H   may  be  determined  from  Table  3.2.  The 
latitude  is  approximately  40°N.  We  obtain 

H  =1326  Btu/ft2-day 

and 

KT  =  742/1326  =  0.55. 
Then, 

R=  1.89 
and  finally 

HT  =  (1.89)(H) 

=  1402  Btu/ft2-day 
Then,  from  Figure  4-6,  assuming  we  wish  to  use  a  water  system  with 
collector  number  6,  we  obtain 

HTA 

-4-   ~  1.75 


as  the  value  required  to  supply  approximately  three-fourths  of  the 
heating  requirements.  The  required  collector  size  is  therefore 
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A  =  (1.75)(27.168  x  106  Btu) 

(1402   ?tu  )(31  days) 
ft  -day 

=  1094  ft2 

The  curves  in  Figures  4-5  and  4-6  were  developed  for  the  case  of 
collector  slope  equal  to  the  local  latitude,  a  house  heating 
requirement  of  15,000  Btu/DD  and  a  daily  hot  water  usage  of  80  gallons/day, 
Tests  were  performed  to  determine  the  reliability  of  the  curves  for  design 
conditions  which  deviate  from  those  that  were  assumed.  The  house 
heating  requirement  was  varied  between  10,000  and  30,000  Btu/DD  and  the 
collector  slope  was  varied  between  local  latitude-15°  and  local 
latitude+15°  for  the  case  of  space  and  service  hot  water  heating.  Very 
little  change  between  respective  standard  deviations  for  the  test  cases 
and  those  given  in  Table  4-2  occurred.  Therefore,  the  curves  may  be 
considered  to  be  useful  for  design  conditions  between  10,000  and  30,000 
Btu/DD  and  collector  slopes  between  local  latitude-15°  and  local 
latitude+15°. 

A  similar  test  was  also  performed  for  the  case  of  service  hot  water 
heating  only.  The  constraints  of  this  test  were  that  the  hot  water 
usage  was  between  50  and  200  gallons/day  and  the  collector  slope  varied 
between  latitude-15°  and  latitude+15°.  Again,  little  chajige  was  found 
between  the  standard  deviations  obtained  for  this  test  and  the  standard 
deviations  given  in  Table  4-2.  Therefore,  Figure  4-7  may  be  used  to 
estimate  collector  sizing  requirements  for  service  hot  water  systems 
for  any  location,  load, and  collector  tilt  between  latitude-15  and 
latitude+15°. 
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Separate  design  curves  were  found  to  be  required  for  the  case  of 
collector  slope  equal  to  90  .  The  same  procedure  discussed  for  the 
development  of  Figures  4-5  through  4-7  was  again  employed  for  the 
development  of  the  design  curves  for  this  particular  case.  The  resulting 
curves  for  the  case  of  collector  slope  equal  to  90  are  given  in  Figures 
4-8  through  4-10.  The  resulting  standard  deviations  are  given  in  Table 
4-6. 

Tests  similar  to  those  performed  for  the  previous  curves,  i.e., 
tests  to  determine  their  usefulness  for  design  conditions  that  differ 
from  those  assumed  during  the  development  of  the  curves,  were  also 
performed  for  the  case  of  collector  slope  equal  to  90°.  Again,  little 
change  was  seen  between  the  standard  deviations  obtained  during  these 
tests  and  those  outlined  in  Table  4-6.  Therefore,  Figures  4-8  and  4-9 
are  available  for  use  when  the  house  heating  requirements  vary 
between  10,000  and  30,000  Btu/DD  for  a  collector  tilted  at  90°,  and 
Figure  4-10  is  available  for  use  when  the  daily  hot  water  usage  varies 
between  50  and  200  gallons/day  for  a  90  collector  slope. 

It  should  be  emphasized  that  this  method  should  be  used  for 
preliminary  design  purposes  only  and  that  more  accurate  results  would 
ordinarily  be  obtained  by  conducting  a  monthly  analysis  as  described 
in  Module  7.  In  addition,  these  results  are  limited  to  solar  systems 
that  are  represented  by  the  configurations  shown  in  Figures  4-1  through 
4-4. 
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Table  4-6.  Standard.  Deviations  for  Design  Curves  of 
Figures  4-8  Through  4-10,  Slope  =  90° 

Case  Description  Figure    Coll.  No.     Std.  Dev. 


Air  System  -  Space  Heating  and        4-8        7        0.03331 
Service  Hot  Water  Heating 

Water  System  -  Space  Heating  4-9 

and  Service  Hot  Water  Heating 


Air  and  Water  Systems  -  Service       4-10 
Hot  Water  Heating 


1 

0.03138 

2 

0.03093 

3 

0.03318 

4 

0.03147 

5 

0.03168 

6 

0.03164 

1 

0.04525 

2 

0.04321 

3 

0.04442 

4 

0.04579 

5 

0.03655 

6 

0.03617 

7 

0.03388 

2 

B.   BALC0MB-HEDSTR0M  METHOD 

The  objective  of  this  method  is  to  enable  the  designer  to  estimate 
the  collector  area  required  to  supply  an  annual  fraction  of  the  load 
equal  to  0.25,  0.50,  or  0.75.  The  method  requires  monthly  average 
radiation  data  and  monthly  average  degree-day  information. 

The  development  of  this  procedure  was  based  on  a  "standard"  liquid 
collector  and  a  "standard"  air  collector.  The  two  "standard"  systems 
used  by  the  authors  are  presented  in  Tables  4-7  and  4-8.  The  results 
were  found  to  be  so  close  for  each  system  that  the  estimation  method 
was  assumed  to  be  the  same  for  both  system  types. 


2 

J.  D.  Balcomb  and  J.  C.  Hedstrom,  "A  Simplified  Method  for  Calculating 

Required  Solar  Collector  Array  Size  for  Space  Heating,"  Sharing  the  Sun 
Solar  Energy  Conference,  Winnipeg,  Canada,  August  1976. 
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1 

0.86 

[67o  absorption, 

8%  reflection) 

0.98 

0.89 

BTU/hr-°F-ft^ 
BTU/hr-F-fr 

0.083 

20 

1 

BTuA-ft2. 

30 


BTU/uF-ft< 


Latitude  +  10  degrees 
Due  south 


Table  4-7.  Standard  Liquid  System  Parameters  for  Balcomb-Hedstrom  Procedure 

Values  of  parameters  used  for  the  "standard"  solar  heating  system  using 
liquid-cooled  solar  collectors,  a  heat  exchanger,  water  tank  thermal 
storage,  and  a  forced  air  heat  distribution  system  to  the  building. 
The  values  are  normalized  to  one  square  foot  of  collector  (ft  ). 

Solar  Collectors 

Number  of  glazings 
Glass  transmissivity 

(at  normal  incidence) 
Surface  absorptance  (solar) 
Surface  emittance  (IR) 
Back-insulation  U-value 
Coolant  flow  rate 
Heat  capacity 

Heat  transfer  coefficient 

to  1 iquid  coolant 
Tilt  (from  horizontal) 
Orientation 

Collector  Plumbing 

Heat  loss  coefficient 
(to  ambient) 

Heat  Exchanger 

Heat  transfer  effectiveness 

Thermal  Storage 

Heat  capacity 
Heat  loss  coefficient 
(i.e.,  assuming  all  heat 
loss  is  to  heated  space) 

Heat  Distribution  System 

Design  air  distribution 
temperature* 

Controls 

Building  maintained  at  68°F 
Collectors  on  when  advantageous 


0.04 


10 


15 
0 


120°F 


BTU/hr-°F-ft2 
c 


BTU/°F-hr-ft2 


BTU/°F-ft2  9 
BTU/°F-hr-ft 


*The  coil  and  air  circulation  are  sized  to  meet  the  building  load  with  an 
outside  temperature  of  -2°F  with  133°F  water  and  airflow  rate  adequate 
to  make  up  the  space  heat  losses  at  an  air  discharge  temperature  of 
120°F.  This  corresponds  to  a  finned-tube  coil  effectiveness  of 
80  percent. 
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Table  4-8.  Standard  Air  System  Parameters  for  Balcomb-Hedstrom  Procedure 

Values  of  parameters  used  for  the  "standard"  solar  heating  system  using 
air  heating  collectors,  a  rock  bed  thermal  storage,  and  a  forced  air 
heat  distribution  to  the  building.  Values  are  normalized  to  one  square 
foot  of  collector  (ft^). 


Solar  Collectors 

Number  of  glazings 
Glass  transmissivity 

(at  normal  incidence) 
Glass  absorptance 
Glass  emittance 
Back-insulation  U-value 
Heat  capacity 
Airflow  rate 

Heat  transfer  coefficient  to  air 
Tilt 
Orientation 

Collector  Air  Ducts 

Heat  loss  coefficient 
(to  ambient) 

Thermal  Storage 

Heat  capacity 

Heat  loss  coefficient 

(i.e.,  assuming  all  heat  loss 
is  to  heated  space) 
Dimensionless  rock-bed  heat 

transfer  length* 

Heat  Distribution  System 

Airflow  rate 

Controls 

Building  maintained  at  68  F 
Collectors  on  when  advantageous 


1 
0.86 


0.98 

0.89 

0.083 

0.5 

2 

4 


{6%   absorption, 
8%  reflection) 


BTU/hr-°F-ft2 
BTU/°-ft2  c 
CFM/ft?  c  , 
BTU/hr-°F-ft^ 

Latitude  +  10  degrees 

Due  south 


0.1 


15 

0 


10 


BTU/hr-°F-ft2 


BTU/°F-ft2 
BTU/°F-hr-fr 


CFM/ft 


^The  rock-bed  length  (distance  in  the  direction  of  flow) 
5  times  the  relaxation  length  for  heat  transfer  (15  was 
model).  Physically  this  means  that  the  bed  is  at  least 
as  the  rock  diameter.  It  is  important  to  note  that  the 


is  greater  than 
used  in  the 
12  times  as  long 
flow  direction  is 


reversed  in  the  rock  bed,  being  in  one  direction  during  the  charging 
period  and  in  the  opposite  direction  during  discharging. 
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A  table  of  85  locations  throughout  the  United  States  and  Canada 
listing  three  values  for  a  parameter  called  LC  was  developed  and  is 
included  here  as  Table  4-9.  Each  value  of  LC  corresponds  to  an  annual 
fraction  of  the  load  supplied  by  the  solar  system  for  each  location. 
The  corresponding  f's  are  for  values  of  0.25,  0.50  and  0.75. 

If  the  location  in  question  is  one  of  the  85  given  locations,  then 
the  procedure  to  determine  the  required  area  for  values  of  f  =  0.25, 
0.50  and  0.75  is  an  easy,  two-step  procedure.  First,  the  user  calculates 
the  house  heating  requirement,  QDES.  The  second  step  is  to 
determine  the  required  collector  area  corresponding  to  one  of  the  three 
available  values  of  f.  This  is  evaluated  by  dividing  the  QDES  obtained 
above  by  the  value  of  LC  for  the  particular  f  desired. 

For  example,  if  QDES  =  15,000  Btu/DD  and  75%  of  the  required  load 
is  to  be  supplied  by  the  solar  system  in  Grand  Junction,  Colorado,  then 
the  required  area  is 

QDES/LC0  75  =  15,000/22  =  680  square  feet. 

To  determine  the  required  area  for  a  location  not  given  in  Table  4-9, 
an  iterative  procedure  is  necessary.  The  procedure  is  begun  by  calculat- 
ing QDES  and  selecting  a  site  from  the  table  of  85  locations  climatically 
similar  to  the  region  under  analysis.  An  approximate  collector  area  can 
then  be  determined  by  the  procedure  above.  The  degree-days  and  solar 
insolation  on  a  horizontal  surface  for  each  month  must  be  determined  for 
the  new  location.  The  solar  insolation  on  the  tilted  surface  is  then 
calculated.  Calculation  of  the  'solar  load  ratio,'  SLR,  is  also  required 
to  refine  the  approximated  area.  The  value  of  SLR  is  used  to  obtain  the 
annual  solar  heating  fraction.  The  result  obtained  for  the  annual  solar 
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Table  4-9.  Values  of  LC  for  85  Selected  Cities 


LC, 

Btu/degree- 

-day-ft* 
)vides 

where  solar  pn 

25%, 

50%,  75%  of  total 

Latitude 

Elevation 

Degree 

heat 

City,  State 

°N 

ft 

Days 

25% 

50% 

75% 

Los  Alamos,  NM 

36 

7200 

6600 

107 

41 

21 

Columbus,  OH 

40 

760 

5211 

77 

29 

13 

Corvallis,  OR 

45 

236 

4726 

120 

42 

18 

Davis,  CA 

39 

50 

2502 

198 

72 

33 

East  Lansing,  MI 

43 

878 

6909 

76 

28 

13 

East  Wareham,  MA 

42 

50 

5891 

97 

37 

18 

El  Centro,  CA 

33 

12 

1458 

547 

206 

97 

Flaming  Gorge,  UT 

41 

6273 

6929 

111 

43 

21 

Granby,  CO 

40 

8340 

5524 

119 

47 

23 

Toronto,  Canada 

44 

443 

6827 

72 

27 

13 

Griffin,  GA 

33 

1001 

2136 

217 

84 

42 

Winnipeg,  Canada 

50 

820 

10629 

63 

23 

11 

Ithaca,  NY 

42 

951 

6914 

68 

24 

11 

Inyokern,  CA 

36 

2186 

3528 

232 

88 

42 

ANL,  Lemont,  IL 

42 

750 

6155 

79 

30 

14 

Newport,  RI 

41 

50 

5804 

97 

37 

18 

Laramie,  WY 

41 

7240 

7381 

106 

42 

21 

Page,  AZ 

37 

4280 

6632 

128 

48 

23 

Prosser,  WA 

46 

840 

4805 

117 

41 

18 

Pullman,  WA 

47 

2583 

5542 

100 

36 

16 

Put-In-Bay,  OH 

42 

580 

5796 

68 

24 

11 

Richland,  WA 

47 

731 

5941 

100 

35 

15 

Raleigh,  NC 

36 

440 

3393 

133 

52 

25 

Riverside,  CA 

34 

1050 

1803 

391 

152 

74 

Seattle,  WA 

48 

no 

4785 

94 

33 

13 

Sayville,  NY 

41 

56 

4811 

98 

38 

18 

Schenectady,  NY 

43 

490 

6650 

63 

24 

11 

Seabrook,  NY 

39 

110 

4812 

97 

37 

18 

Shreveport,  LA 

32 

220 

2184 

179 

70 

35 

State  College,  PA 

41 

1230 

5934 

78 

29 

14 

Stillwater,  OK 

36 

910 

3725 

132 

52 

25 

Tallahassee,  FL 

30 

64 

1485 

283 

113 

57 

Tucson,  AZ 

32 

2440 

1800 

301 

118 

59 

Oak  Ridge,  TN 

36 

940 

3817 

111 

42 

20 

Fort  Worth,  TX 

33 

574 

2405 

186 

73 

37 

Lake  Charles,  LA 

30 

60 

1459 

244 

96 

48 

Apalachicola,  FL 

30 

46 

1308 

324 

129 

65 

Brownsville,  TX 

26 

48 

600 

517 

218 

110 

San  Antonio,  TX 

30 

818 

1546 

262 

103 

52 

Greensboro,  NC 

36 

914 

3805 

128 

50 

24 

Hatteras,  NC 

35 

27 

2612 

204 

79 

39 

Atlanta,  GA 

34 

1018 

2961 

154 

59 

29 

Charleston,  SC 

33 

69 

2033 

210 

82 

41 
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Table  4-9.      (continued) 


LC,Bt 

u/degree-day 

"«c 

where 

solar  provi 

desc 

25%, 

50%,  75%  of 

total 

Latitude 

Elevation 

Degree 

heat 

City,  State 

°N 

ft 

Days 

25% 

50% 

75% 

Nashville,  TN 

36 

614 

3578 

117 

44 

21 

Lake  Charles,  LA 

30 

39 

1459 

261 

104 

53 

Little  Rock,  AR 

35 

276 

3219 

126 

48 

24 

Oklahoma  City,  OK 

35 

1317 

3725 

134 

53 

26 

Columbia,  MO 

39 

814 

5046 

102 

38 

18 

Dodge  City,  KA 

38 

2625 

4986 

126 

49 

24 

Caribou,  ME 

47 

640 

9767 

68 

26 

12 

Burlington,  VT 

44 

385 

8269 

63 

24 

11 

Blue  Hill,  MA 

42 

670 

6368 

82 

31 

15 

Cleveland,  OH 

41 

871 

6351 

71 

26 

12 

Madison,  WI 

43 

889 

7863 

76 

28 

13 

Sault  Ste.  Marie,  MI 

46 

724 

9048 

74 

27 

12 

Saint  Cloud,  MN 

46 

1062 

8879 

71 

27 

13 

Lincoln,  NE 

41 

1316 

5864 

104 

39 

19 

Midland,  TX 

32 

2885 

2591 

202 

79 

39 

El  Paso,  TX 

32 

3954 

2700 

228 

88 

44 

Albuquerque,  NM 

35 

5327 

4348 

161 

64 

31 

Grand  Junction,  CO 

39 

4832 

5641 

119 

46 

22 

Ely,  NV 

39 

6279 

7733 

119 

47 

23 

Las  Vegas,  NV 

36 

2188 

2709 

218 

84 

42 

Phoenix,  AZ 

33 

1139 

1765 

300 

118 

59 

Reno,  NV 

39 

4400 

6632 

125 

47 

22 

Santa  Maria,  CA 

35 

289 

2967 

353 

142 

67 

Bismarck,  ND 

47 

1677 

8851 

78 

29 

14 

Lander,  WY 

43 

5574 

7870 

108 

42 

21 

Glasgow,  MT 

48 

2109 

2996 

105 

41 

20 

Rapid  City,  SD 

44 

3180 

7345 

97 

37 

18 

Salt  Lake  City,  UT 

41 

4238 

6052 

107 

40 

19 

Boise,  ID 

44 

2895 

5809 

108 

39 

17 

Great  Falls,  MT 

47 

3692 

7750 

93 

35 

16 

Spokane,  WA 

48 

2356 

6655 

90 

31 

14 

Medford,  OR 

42 

1321 

5008 

107 

38 

16 

Los  Angeles,  CA 

34 

540 

2061 

416 

157 

75 

Fresno,  CA 

37 

336 

2492 

195 

70 

32 

Silver  Hill,  MD 

39 

292 

4224 

111 

43 

21 

Cape  Hatteras,  NC 

35 

27 

4612 

189 

74 

36 

Sterling,  VA 

39 

276 

4224 

111 

43 

21 

Indianapolis,  IN 

40 

819 

5699 

86 

32 

15 

Astoria,  OR 

46 

22 

5186 

127 

45 

19 

Boston,  MA 

42 

157 

5624 

86 

33 

16 

New  York,  NY 

41 

187 

4871 

88 

34 

16 

North  Omaha,  NE 

41 

1323 

6612 

89 

34 

16 
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heating  fraction  should  then  confirm  the  fraction  of  annual  heat  load 
assumed  initially.  If  the  agreement  is  not  satisfactory,  then  the 
collector  area  should  be  adjusted  and  the  last  two  steps  repeated. 

An  example  follows  for  Terre  Haute,  Indiana,  which  is  not  listed 
among  the  85  given  locations.  A  "standard"  system  has  been  assumed  and 
is  expected  to  supply  75%  of  the  required  load.  What  collector  area 
should  be  used?  Assume  QDES  =  15,000  Btu/DD. 
EXAMPLE  1 

Step  1  QDES  assumed  to  be  15,000  Btu/DD 

Step  2  Using  Indianapolis,  Indiana,  as  a  location  climatically 
similar  to  that  of  Terre  Haute,  the  estimated  area  is 
QDES/LC  =  15,000/15  =  1000  square  feet 

Step  3  Degree-days  and  solar  radiation  on  a  horizontal  surface 

2 
for  each  month  (Btu/FT  ) 


Table  4-10.  Monthly  Degree-Days  and  Solar  Radiation  on  a  Horizontal 
Surface  for  Indianapolis,  Indiana 


MONTH 

DD 

1 

[ 

MONTH 

DD 

hi 

Jan 

1113 

16 

,312 

Jul 

0 

63 

,225 

Feb 

949 

22 

,327 

Aug 

0 

56 

,795 

Mar 

809 

36 

,707 

Sep 

90 

45 

,399 

Apr 

432 

44 

,436 

Oct 

316 

33 

,926 

May 

177 

56 

,668 

Nov 

723 

19 

,872 

Jun 

39 

61 

,260 

Dec 

1051 

15 

,224 

Step  4  Solar  radiation  on  the  tilted  collector  (assumed  by  Balcomb 
and  Hedstrom  to  be  tilted  at  latitude  +10  ) 


Total   radiation  on- 
Col lector  Surface  _ 
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1.025  Y  -  8200 


h    Y  =  tota]  monthly  radiation  on  horizontal  surface 

cos  (latitude  -  solar  declination  (at  midmonth)) 


and  where 

Solar  decl  ination" 

at  midmonth 

and  M  =  month  number,  i.e.,  January  =  1,  December  =  12 


23.45  cos  (30M  -  187) 


Table  4-11.  Monthly  Solar  Insolation  on  a  Tilted  Surface  for  Indianapolis, 
Indiana,  by  the  Balcomb-Hedstrom  Procedure 


MONTH 

1 

TT 

MONTH 

HT 

Jan 

26 

,104 

Jul 

60 

,090 

Feb 

29 

,548 

Aug 

56 

,726 

Mar 

42 

,549 

Sep 

50 

,788 

Apr 

44 

,366 

Oct 

45 

,564 

May 

53 

,893 

Nov 

31 

,475 

Jun 

52 

,040 

Dec 

26 

,290 

Step  5  Determine  Solar  Load  Ratio  (SLR)  for  each  month 
[collector  areal  x  [HT]  . 


SLR.  = 
i 


QDES  xDD. 


,  i  =  1,  12 


Table  4-12. 

Mor 

ithly 

Solar 

Load 

Rat 

ios  for 

Bo  i 

ilder, 

Colorado 

MONTH 

SLR 

MONTH 

SLR 

Jan 

1.56 

Jul 

-- 

Feb 

2.08 

Aug 

-- 

Mar 

3.51 

Sep 

37.62 

Apr 

6.85 

Oct 

9.61 

May 

20.30 

Nov 

2.90 

Jun 

88.96 

Dec 

1.67 
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Step  6  Determine  the  Annual  Solar  Heating  Fraction  (ASHF) 

12 

I         (DD)  (X) 

ASHF  =  m0nth=1 


12 

I    (DD) 
month=l 


where 

X  =  1.06  -  1.366  exp(-0.55  SLR)  +  0.306  exp(-1.05  SLR) 

(FOR  SLR  <  5.66)  and 
X  =  1.0 

(FOR  SLR  >  5.66) 


Table  4-13.  Monthly  X-Factor  for  Determining  Annual  Solar  Heating  Fraction 
for  Balcomb-Hedstrom  Procedure 

MONTH  X  MONTH  X 

Jan  0.54         Jul  1.00 

Feb  0.66          Aug  1.00 

Mar  0.87         Sep  1.00 

Apr  1.00          Oct  1.00 

May  1.00          Nov  0.80 

Jun  1.00         Dec  0.57 


Then  from  the  above  equation  we  obtain 

ASHF  =  4162/5699  =  0.73 

The  resulting  annual  solar  heating  fraction, therefore, indicates 
that  a  larger  area  should  now  be  tested  so  that  the  annual  fraction  of 
the  load  supplied  by  solar  is  closer  to  0.75.  The  test  was  not  carried 
out  any  further.  The  procedure  outlined  in  Steps  1  through  6  required 
approximately  one  hour. 
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DESIGN  GUIDELINES 

We  have  seen  that  the  primary  information  required  for  a  quick, 
approximate  design  of  a  solar  system  is  the  mean  daily  solar  insolation 
and  the  average  ambient  temperature  or  the  average  degree  days  for  the 
given  location.  By  knowing  the  degree  days  for  the  location,  or  the 
average  ambient  temperature,  and  by  knowing  the  design  heat  load  for  the 
structure,  the  average  heat  load  may  be  readily  determined.  The  percent- 
age of  this  heat  load  that  may  be  supplied  by  a  solar  system  is  approxi- 
mated by  knowing  the  mean  daily  solar  insolation  on  a  horizontal  surface 
at  the  selected  location.  The  mean  solar  insolation  on  the  horizontal 
surface  is  converted  to  mean  radiation  on  a  tilted  surface  by  means  of 
approximate  rules  or  charts.  The  collector  may  then  be  sized  by  one  of 
the  methods  just  presented. 

Once  the  size  of  the  collector  array  has  been  determined,  the  storage 
volume  may  be  established  by  assuming  one-half  cubic  foot  of  rocks  per 
square  foot  of  collector  for  air  systems  with  pebble-bed  storage  or  by 
assuming  1.5  gallons  of  water  per  square  foot  of  collector  for  water 
systems.  The  flow  rates  of  transport  media  through  the  collectors  may 
be  assumed  to  be  2  CFM  per  square  foot  of  collector  for  air  systems  and 
about  0.025  gallons  per  minute  per  square  foot  of  collector  for  water 
systems.  Additional  components  such  as  pumps,  blowers,  and  heat 
exchangers  may  then  be  sized  from  the  above  flow  rate  information.  These 
components  will  be  discussed  in  more  detail  in  Module  16. 

Economic  analyses  are  conducted  after  the  preliminary  sizing  studies 
are  performed.  The  system  costs  may  be  estimated  on  the  basis  of  the 
preliminary  sizing  calculations.  These  system  costs  are  then  used  in 
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economic  analyses  in  order  to  provide  the  client  with  enough  information 
that  decisions  regarding  that  design  may  be  made.  There  are  available  a 
number  of  algorithms  for  performing  economic  investigations.  The  details 
are  discussed  in  Module  8. 

The  design  procedure  described  above  is  illustrated  in  Figures  4-11 
and  4-12,  and  is  outlined  below  in  more  specific  terms. 

STEP  BY  STEP  DESIGN  PROCEDURE 

1.  Determine  the  design  heat  load  for  the  building  in  Btu/DD. 
(British  Thermal  Units  per  degree  day). 

2.  Determine  the  number  of  heating  degree  days  for  the  given 
location. 

3.  Multiply  the  heat  load  determined  by  Step  1  by  the  degree  days 
determined  in  Step  2  to  determine  the  heating  load  for  the  building. 

4.  Determine  the  monthly  average  solar  radiation  on  a  horizontal 
surface,  H,  at  the  given  location. 

5.  Convert  the  monthly  average  radiation  on  a  horizontal  surface 
to  monthly  average  radiation  on  the  desired  tilted  surface  to  obtain  HT, 

6.  Estimate  the  required  collector  area  by  one  of  the  methods 
presented  above. 

7.  Determine  storage  size  (gallons)  for  water  systems  by 

2  2 

multiplying  the  collector  size  (ft  )  by  1.5  gallons/ft  .  For  air  systems 

3       2 
using  pebble  storage  multiply  the  collector  size  by  0.5  ft  rocks/ft  of 

col  lector. 

8.  Size  pumps  or  blowers  from  the  requirements  that, for  water 
systems, the  collector  flow  rate  should  be  about  0.025  gallons  per  minute 
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DETERMINE  BUILDING 

HEAT  REQUIREMENTS 

BTU/DD 


DETERMINE  THE 
NUMBER  OF  DEGREE  DAYS  (DD) 
FROM 
TABLE  4-5  AND  FIGURE  4-13 


I 


DETERMINE  JANUARY 
HEATING  LOAD  (BTU) 


DETERMINE  JANUARY 

RADIATION  ON  A  HORIZONTAL 

SURFACE  (BTU/FT2)  FROM 

TABLE  3-1 


DETERMINE  HT  (BTU/FT  ) 
FROM  THE  METHODS  IN 
MODULE  3 


DETERMINE  H-j-A/L  FROM 
FIGURES  4-6  THROUGH  4-10 


DETERMINE  REQUIRED 
AREA 


DETERMINE 
STORAGE  SIZE 


SIZE  PUMPS 
OR  BLOWERS 


Figure  4-11.     Huck-Winn  Design  Procedure 
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CALCULATE  BUILDING 
HEAT  REQUIREMENTS,  BTU/DD 


DETERMINE  LC  FROM 
TABLE  4-9 


CALCULATE  REQUIRED 
COLLECTOR  AREA 

Qr 


FROM  A  = 


'PES 

re 


YES 


IS  THE 
CATION  LISTED 
IN  TABLE 
4-9?. 


DETERMINE  MONTHLY 
DEGREE  DAYS  FOR 
SIMILAR  LOCATION 


DETERMINE  RADIATION 

ON  A  HORIZONTAL  SURFACE 


DETERMINE  RADIATION 
ON  THE  TILTED  SURFACE 


CHANGE 

COLLECTOR 

AREA 


CALCULATE  THE 

SOLAR  LOAD  RATIO,  SLR 


CALCULATE  THE  ANNUAL 
SOLAR  HEATING  FRACTION, 
ASHF 


NO 


YES 


DETERMINE 

STORAGE 

SIZE 


SIZE  PUMPS 
OR  BLOWERS 


BUILD  IT 


Figure  4-12.  Balcomb-Hedstrom  Design  Procedure 
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per  square  foot  of  collector,  and  for  air  systems, the  collector  flow  rate 
should  be  about  2  CFM  per  square  foot  of  collector. 

DESIGN  DATA 

TEMPERATURE  DATA 

Figures  4-13  through  4-24  present  degree-day  information  for  the 
United  States.  These  figures  represent  the  average  total  heating  degree 
days  by  month  for  the  entire  year.  These  were  taken  from  the  Climatic 
Atlas  for  the  United  States  published  by  the  U.S.  Department  of  Commerce. 
By  knowing  the  design  heat  load  for  a  building, one  can  approximate  the 
total  heat  load  for  each  month  of  the  year  from  these  contour  maps.  For 
example,  consider  a  house  to  be  located  in  Boulder,  Colorado.  Suppose 
the  design  heat  load  is  determined  to  be  57,000  Btu/hr.  First,  we  must 
convert  this  to  Btu  per  degree  day.  This  is  accomplished  by  the  following 
calculation.  The  design  temperature  for  Boulder  is  8  F,  as  determined 
from  the  ASHRAE  Handbook  of  Fundamentals.  Therefore,  the  house  heat  load 
in  Btu/DD  is 

n  (^U\        (57,000  Btu/hr)  (24  hr/day) 
g  [  DD  ;  57  DD/day 

=  24,000  Btu/DD 

From  the  contour  map  for  January  (Figure  4-13)  one  can  see  that  Boulder 
has  approximately  1200  degree  days  for  the  month  of  January.  Consequently, 
the  January  heat  load  would  be  24,000  Btu  per  degree  day  times  1200  degree 
days  or  28.8  million  Btu  for  the  month  of  January. 

Table  4-5  presents  monthly  and  total  annual  degree-day  information 
for  selected  locations  throughout  the  United  States.  This  table  may  be 
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used  in  place  of  the  contour  maps  when  the  desired  location  is  included 
in  the  table. 

SOLAR  DATA 

The  solar  insolation  data  were  presented  in  Module  3.  Figures  3-1 
through  3-12  present  the  mean  daily  solar  radiation  on  a  horizontal  surface 
for  each  month  for  the  United  States.  From  Figure  3-1, for  example,  we 
see  that  the  January  insolation  for  Boulder  (40  N  latitude)  is  approxi- 
mately 200  Langleys  or  738  Btu  per  square  foot  per  day.  This  informa- 
tion must  be  converted  to  the  radiation  on  a  tilted  surface  in  order  to 
estimate  the  amount  of  heat  that  a  collector  array  will  collect  at  a 
given  tilt  angle.  This  is  accomplished  by  referring  to  Tables  3-5  and 
3-6  which  give  the  conversion  factors  for  determining  radiation  on  tilted 
surfaces.  KT  for  Boulder  is  approximately  0.55.  By  interpolating 
between  these  two  tables,  assuming  the  tilt  is  equal  to  the  latitude, 
we  obtain  R  =  1.78.  Therefore  the  average  daily  radiation  on  the  tilted 
surface  for  January  in  Boulder  is  1314  Btu/ft  . 
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Figure  4-5.      Fraction  of  Annual    Load  Supplied   by   Solar  as   a 
Function  of  l-LA/L   for  General    Locations    - 
Air  System 
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Figure  4-6.  Fraction  of  AnnuaJ_  Load  Supplied  by  Solar 
as  a  Function  of  FL  A/L  for  the  Six  Water 
Collectors   Tested    for  General    Locations 
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Figure  4-7.      Fraction  of  Armual    Load  Supplied  by  Solar  as 
a   Function   of  HTA/L   for  All    Tested  Collectors 
and   for  General    Locations 
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Figure  4-8.  fraction  of  Annual  Load  Supplied  by  Solar  as  a  Function  of 
H  A/L  for  Any  Location,  Slope  =  90°  -  Air  System 
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Figure  4-9.      Fraction  of  Annual_  Load  Supplied  by  Solar 
as  a   Function  of  HjA/L   for  Any  Location, 
Slope  =  90°   -  Water  System 


4-32 


.0 


o  0.8 
x> 

<1) 


S0.6 

TO 

o 
o 

_l 

h-  0.4 
o 

c 
o 

-•— 

o 

o 

£  0.2 

o 

c 
c 

< 


0 


1 

5^ 

"S 

2^ 

A 

t 

7 

-b 

< 

I  a 

-..:„«    u«*    u/„*~.< 

*3 

3ci  viLC    nui     vvuici 

Tilt      =90° 

Any   Location 

0.5 


.0 


2.0 


2.5 


3.0 


HTA/L 


Figure  4-10.   Fraction  of  Annual^  Load  Supplied  by  Solar 
as  a  Function  of  hLA/L  for  All  Tested 
Collectors  for  Slope  =  90°  for  General 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  of  this  module  is  to  present  methods  for  estimating 
heat  loss  and  heat  gains  for  a  building  to  be  heated  and  cooled,  based  on 
maintaining  a  selected  indoor  air  temperature  during  periods  of  design 
outdoor  weather  conditions. 

SUB-OBJECTIVES 



The  trainee  will  be  able  to: 

1.  Select  the  design  outdoor  temperature 

2.  Determine  heat  transfer  coefficients 

3.  Compute  heat  transmission  losses 

4.  Compute  the  design  heat  loss  for  the  building  based  on 
degree-days 

5.  Compute  heat  gains  in  the  building 

6.  Compute  the  design  cooling  load  for  the  building. 

Proper  design  of  space  heating  and  air  conditioning  requires  knowledge 
of  heat  losses  and  gains  for  a  building.  This  is  particularly  needed  for 
solar  systems  because  the  thermal  loads  affect  system  size, and  system  size 
affects  the  costs. 

This  module  is  concerned  with  th,e  procedures  for  determining  the  heat 
transmission  losses  and  gains  and  the  necessary  data  to  perform  the  cal- 
culations. Various  methods  for  determining  thermal  loads  for  buildings 
are  available  and  the  trainees  are  undoubtedly  familiar  with  some  of 
them.  Only  one  method  for  determining  heat  losses  and  one  for  heat  gains  is 
presented  herein  to  establish  a  common  base  for  the  trainees  in  this  course. 
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This  is  not  to  imply  that  other  methods  are  not  useful.  The  methods 
described  in  this  module  are  simple  to  apply. 

HEAT  LOSSES 

Heat  transmission  losses,  or  more  simply  heat  losses,  from  buildings 
may  be  divided  into  two  groups:  (1)  the  transmission  losses  through 
walls,  floor,  ceiling,  glass  and  other  surfaces  and  (2)  the  infiltration 
losses,  or  more  correctly  infiltration  of  cold  air,  through  open  doors  and 
windows,  cracks  and  crevices  around  doors  and  windows,  which  must  be  heated 
to  the  comfort  level  in  the  building. 

HEAT  TRANSMISSION  THROUGH  BUILDING  SURFACES 

Heat  is  transferred  from  warm  room  air  to  outdoor  air  by  a  three- 
step  process.  Heat  is  transferred  from  the  room  air  to  the  inside  surface 
of  a  wall  or  window,  through  the  wall  or  window,  and  from  the  outside 
surface  to  the  outdoor  air.  The  rate  of  heat  flow  per  unit  time  from  the 
building  to  the  outdoors  depends  upon  the  surface  area,  A,  an  overall 
heat  transfer  coefficient,  U,  and  the  air  temperature  difference  between 
the  inside,  T.,  and  outside,  T  .  Expressed  in  equation  form: 


Q  =  UA(Ti  -  TQ)  (5-1) 


2 

where  Q  is  heat  flow  rate,  Btu/hr;  A  is  wall  area,  ft  ;  U  is  the  overall 

0         r\ 

heat  transfer  coefficient,  Btu  per  (hr)(ft  )(  F);  T.  is  indoor  temperature, 
F;  and  T  is  outdoor  temperature,  F. 

The  overall  heat  transfer  coefficient,  often  called  the  U  factor  . 
is  determined  by  the  reciprocal  of  the  total  thermal  resistance,  R-pto 
heat  flow: 


5-3 


U  =  £-  (5-2) 


and 


RT  =  Rl  +  R2  +  R3  +  R4  +   etc'  (5-3) 

where  R,,  R~,  etc.,  are  R  factors,  the  individual  resistances  of  the 
wall  components. 

The  transfer  of  heat  from  the  inside  air  to  the  wall  is  visualized 
as  taking  place  through  a  thin  film  of  air  adjacent  to  the  wall  surface. 
This  thin  film  has  resistance,  R. ,  to  heat  flow  determined  by  the  film 


conductance, 

V 

R. 
l 

1 

(5-4) 


and  should  be  included  in  the  determination  of  the  overall  U  factor. 
Similarly,  there  is  a  thin  film  at  the  outside  surface,  the  conductance 
of  which, symbolized  by  f  ,  is  dependent  upon  the  wind  speed.  The 
resistance  of  the  outside  film,  R  ,  is 


R0  =  f  (5-5) 

0 


During  summer  months,  when  the  outside  temperature  is  greater  than  the 
indoor  temperature,  heat  is  conducted  into  the  building.  The  principles 
are  the  same  as  the  foregoing,  except  that  heat  flow  rate  is  determined 
by 
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Q  =  UA  (TQ  -  T.)  (5-6) 

where  T  and  T-  have  been  interchanged  from  equation  (5-1). 

Surface  conductances  and  resistances  for  air  films  for  interior  and 
exterior  surfaces,  for  winter  and  summer,  are  tabulated  in  Table  5-1 
at  the  end  of  this  module.  The  winter  values  are  based  on  wind  velocity 
of  15  mph  and  summer  values  are  based  on  wind  velocity  of  7  mph. 

Dead  air  spaces  between  walls  offer  thermal  resistance.  The 
resistance  values  are  tabulated  in  Table  5-2  for  3/4-inch  and  4-inch  spaces 
for  winter  and  summer  conditions.  For.spaces  between  3/4  and  4  inches, 
values  may  be  interpolated. 

Resistance  values  for  common  building  materials  are  tabulated  in 
Table  5-3.  U  factors  for  windows  and  patio  doors  are  tabulated  in  Table 
5-4, and  U  factors  for  solid  doors  are  listed  in  Table  5-5  with  and  without 
storm  doors.  The  values  in  these  tables  correspond  with  more  complete 
tables  listed  in  Chapter  20,  ASHRAE  Handbook  of  Fundamentals  (1972). 

TRANSMISSION  COEFFICIENTS 


The  procedure  for  determining  the  overall  heat  transmission 
coefficients,  U,  for  typical  wall,  roof,  ceiling  and  floor  construction  is 
presented  in  this  section.  The  values  of  R  used  are  found  in  Tables  5-1 
through  5-3.  U  factors  for  composite  construction  are  determined  in  the 
following  examples.  U  factors  for  other  types  of  construction  may  be 
calculated  by  following  these  examples. 
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Example  1  -  Frame  Wall  (2x4  studs) 

ITEM 

1.  Outside  film  (15  mph  wind,  winter) 

2.  Siding,  wood  {h   x  8  lapped) 

3.  Sheathing  (^  inch  regular) 

4.  Insulation  batt  (3-3^  inch) 

5.  Gypsum  wall  board  (^  inch) 

6.  Inside  surface  (winter) 

Total  Resistance,  Rn 
U  =  1/RT 


"J 


R 


0.17 
0.81 
1.32 

11.00 
0.45 
0.68 

14.43 
0.07 


The  calculated  U  factor  applies -to  the  area  between  2x4  studs. 
Because  the  resistance  to  heat  flow  through  the  2x4  stud  is  different 
from  the  insulation,  a  correction  is  sometimes  applied.  However,  the 
corrections  usually  amount  to  less  than  the  accuracy  of  the  R  values. 
Corrections  are  -therefore  considered  unnecessary. 
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Example  2  -  Frame  Wall  (2x6  studs) 

From  Example  1, 

RT 
Replace  3^-inch  insulation,  subtract 

Add  5^-inch  insulation 

New  RT 

U  =  1/RT 
Difference  in  U  from  Example  1 
Percent  Difference  from  2x4  wall 


14.43 

11.00 

3.43 

19.00 

22.43 

0.04 

0.03 

43  percent 


There  is  43-percent  reduction  in  heat  loss  for  a  2  x  6  wall   as 
compared    with  a   2  x  4  wall   with  correspondingly  thicker  insulation  in  the 
2  x  6  wall. 


Example  3  -  Solid  Masonry     Wall 

ITEM 

1.  Outside  film  (15  mph  wind,  winter) 

2.  Face  brick  (4  inch) 

3.  Common  brick  (4  inch) 

4.  Air  space  (3/4  inch) 

5.  Gypsum  board  (h   inch) 

6.  Inside  surface 
Total  Resistance,  RT 
U  =  1/RT 


R 


0.17 
0.44 
0.80 
1.28 
0.45 
0.68 
3.82 
0.26 


2  3  4    3 
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Example  4  -  Masonry  Walls 

ITEM 

1.  Outside  surface  (15  mph) 

2.  Face  brick  (4  inch) 

3.  Cement  mortar  {H   inch) 

4.  Cinder  block  (8  inch) 

5.  Air  space  (3/4  inch) 

6.  Gypsum  board  {%   inch) 

7.  Inside  surface 

Total    Resistance,   R 
U  =   1/RT 


T 


_R 

0.17 
0.44 
0.10 
1.72 
1.28 
0.45 
0.68 
4.84 
0.21 


12  3  4     5     6 


Example  5  -  Basement  Wall 

ITEM 

1.  Concrete  wall  (8  inch) 

2.  Insulation  batt  (2  inch) 

3.  Gypsum  board  {%   inch) 

4.  Inside  surface 
Total  Resistance,  R- 
U  =  1/RT 


R 
0.64 
7.00 
0.45 
0.68 
8.77 
0.11 


I    2  3   4 
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Example  6  -  Insulated  Ceiling,  6  inches 

ITEM 

1.  Inside  surface 

2.  Insulation  batt  (6  inch) 

3.  Gypsum  board  (h   inch) 

4.  Inside  surface 

Total  Resistance,  R, 
U  =  1/RT 


0 

.68 

19 

.00 

0 

45 

0 

68 

20.81 
0.05 


Example  7  -  Insulated  Ceiling,  9  inches 

ITEM 

1.  Inside  surface 

2.  Insulation  (9  inch) 

3.  Gypsum  board  (h   inch) 

4.  Inside  surface 

Total  Resistance,  RT 

U  =  1/RT 
Percent  decrease  of  U  with  9-inch  insulation  over 
6-inch  insulation,  20  percent. 


0 

61 

24 

.00 

0 

.45 

0 

.61 

25.67 
0.04 
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Example  8  -   Floor 


ITEM 


1.  Top  surface 

2.  Linoleum  or  tile 

3.  Felt 

4.  Plywood  (5/8  inch) 

5.  Wood  subfloor  (3/4  inch) 

6.  Air  space 

7.  Acoustic  ceiling  tile  (3/4  inch) 

8.  Surface 

Total    Resistance,   Pw 
U  =   1/R- 


_R 

0.61 
0.05 
0.06 
0.78 
0.94 
0.85 
1.89 
0.61 
5.79 
0.17 


I    2    3    4  5  6  7   8 


Example  9  -  Floor 


ITEM 


1.  Carpet  and  fibrous  pad 

2.  Plywood  (3/4  inch) 

3.  Insulation  (9  inch) 

4.  Surface  (still  air) 

Total    Resistance,   R 
U  =   1/RT 


T 


R 

2.08 

0.93 
24.00 

0.61 
27.62 

0.04 


5-10 

Example  10  -  Basement 

The  heat  loss  from  a  heated  basement  should  be  based  on  a  heat  transfer 
coefficient  for  both  wall  and  floor  of  U  =  0.10.  The  temperature  adjacent 
to  basement  walls  and  floor  varies  with  the  rate  of  heat  transfer  through 
the  walls.  The  more  heat  that  flows  through  the  walls,  the  warmer  will 
be  the  ground  temperature.  Below  basement  floors,  a  ground  temperature 
equal  to  the  ground  water  temperature  is  sometimes  used.  A  temperature 
of  45  F  is  recommended  as  a  rule  of  thumb  for  this  course.  If  conditions 
warrant,  a  different  temperature  may  be  used. 

Example  11  -  Pitched  Roofs  (Heat  Flow  Up) 

ITEM  R 


1.  Outside  surface  (15  mph)  0.17 

2.  Asphalt  shingle  roofing  0.44 

3.  Building  paper  0.06 

4.  Plywood  deck  (5/8  inch)  0.78 

5.  Inside  surface  0.61 

Total  Resistance,  RT  2.06 

U  =  1/RT  0.49 
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Example  12  -  Pitched  Roof  with  Air  Space  and  Sheathing  (Heat  Flow  Up) 
See  Example  11. 

ITEM 


1.  Outside  surface 

2.  Wood  shingle 

3.  15  pound  felt 

4.  Plywood  deck  (5/8  inch) 

5.  Air  space 

6.  Gypsum  [%   inch) 

7.  Inside  surface 

Total  Resistance,  R. 
U  =  1/RT 


R 

0.17 
0.94 
0.06 
0.78 
1.00 
0.45 
0.61 
4.01 
0.25 


Example  13  -  Pitched  Roof  with  Mounted  Collector  (At  Night) 


ITEM 


Outside  surface 

Glass 

Air  space  (3/4  inch) 

Insulation 

15  pound  felt 

6.  Plywood  (3/4  inch) 

7.  Inside  surface 

Total    Resistance,   R. 
U  =   1/RT 


R 


0.17 
1.13 
1.75 
7.00 
0.06 
0.93 
0.61 
11.65 
0.09 
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HEAT  LOSS  BY  INFILTRATION 

Calculation  of  infiltration  losses  can  be  very   complex.  Experience 
and  judgment  are  important  to  provide  reasonable  estimates.  Of  two  methods 
used  for  calculating  infiltration  rates, only  the  simpler  air  change  method 
is  discussed  in  this  module.  Readers  are  referred  to  the  ASHRAE  Handbook 
of  Fundamentals  for  details  of  the  "Crack"  method.  In  either  method, 
the  objective  is  to  determine  the  amount  of  heat  required  to  raise  the 
temperature  of  cold  air  which  enters  a  building  through  cracks,  open  windows, 
and  doors . 

The  volume  of  cold  air  expected  to  enter  a  room  through  cracks  during 
a  one-hour  period  depends  on  such  factors  as  wind  direction  and  speed, 
pressure  differences  inside  and  outside  the  building,  storm  windows,  air 
locks  on  outdoor  entrances,  and  whether  room  doors  are  closed.  The  entering 
volume  of  cold  air  is  expressed  in  terms  of  air  changes  per  hour  in  the 
room  under  consideration.  It  is  normally  expected  that  storm  doors  and 
windows,  or  tight-fitting  double-glazed  windows  will  soon  be  widely  adopted 
in  new  construction,  particularly  for  solar  heated  and  cooled  houses. 
The  average  air  changes  for  rooms  with  various  fenestrations  listed  in  Table 
5-6  are  in  accordance  with  Chapter  19,  ASHRAE  Handbook  of  Fundamentals  (1972) 

From  the  air  change  rate,  per  hour,  the  volume  rate  of  air  change 
per  hour,  V,  is  determined  from  the  room  volume.  The  heat  loss  from 
infiltration  is  calculated  from 


Q  =  0.018  V  (T.  -  TQ)  (5-7) 


where  V  is  the  volume  change  per  hour;  Q  is  Btu  per  hour. 

When  moisture  is  added  to  the  air  to  maintain  winter  comfort  conditions, 
heat  will  be  required  to  evaporate  the  water  vapor  added  to  the  building 
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air.  The  rate  of  heat  added  is  most  conveniently  calculated  from 
the  equation  below: 


Q  =  79.5  V  (W.  -  W  )  (5-8) 

'  1    o 


where  V  is  the  infiltration  rate,  cfh;  W.  is  humidity  ratio  of  indoor 
air,  dimensionless;  W  is  humidity  ratio  of  outdoor  air,  dimensionless . 

Infiltration  occurs  primarily  because  of  wind  impacting  on  the 
building  from  a  given  direction.  Therefore,  only  the  rooms  on  one  side  of 
the  building  would  be  affected  at  a  given  time.  The  values  in  Table  5-6 
account  for  this  factor. 


HEAT  LOSS  CALCULATION 


Procedure 


1.  Select  the  design  outdoor  temperature,  T  ,for  selected  cities 
from  the  last  column  in  Table  4-5. 

2.  Select  the  indoor  design  temperature,  T,,at  68  F.  (If  zone 
controls  or  clock  thermostats  are  used  to  lower  the  temperature 
of  unused  rooms  and  at  night,  consideration  should  be  given  to 
selecting  other  indoor  temperatures  for  specific  periods  of  time.) 

3.  Determine  net  areas,  A,  of  walls,  roof,  ceiling,  windows, 
doors,  and  floor  for  each  different  type  of  construction. 

4.  Select  U  factors  from  Examples  1  through  13,  or  calculate 
appropriate  U  factors  for  specific  wall  type. 

5.  Calculate  heat  transmission  loss  rate  from: 

Q  =  UA(T.  -  T  )    (5-1)* 
1    o 

through  each  type  of  surface. 


* 


See  section  on  temperatures  of  unheated  spaces. 
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6.  Sum  the  transmission  losses. 

7.  Determine  infiltration  losses. 

8.  Add  the  infiltration  losses  to  the  transmission  losses 
to  obtain  the  total  heat  loss  from  the  building. 

9.  Determine  the  design  heat  loss  rate  for  the  building  for  each 
degree  day. 

Temperatures  of  Unheated  Spaces 

Attic  Temperature  --  The  attic  temperature  is  determined  from 
a  balance  of  heat  flow  into  and  out  of  the  attic.  Heat  flow  into  the  attic 
is  from  the  ceiling;  heat  flow  out  is  through  the  roof  surfaces  and  end 
walls.  The  general  formula  for  determining  attic  temperature  is: 

AUT     +T(AU     +AU) 
t       =     c  c  c         ov   r  r         w  w  (c-  q\ 

at       AU+AU+AU  [*     ' 

c  c         r  r         ww 


is  attic  temperature,     F 
is   room  temperature,     F 

is  outside  temperature,     F 

2 
is   ceil ing  area ,   ft 

is  roof  area,   ft 

2 
is  roof  wal 1  area ,  ft 

is  ceiling  U  factor,  Btu/(hr) (ft2) (°F) 

is  roof  U  factor,  Btu/(hr) (ft2) (°F) 

is  wall  U  factor,  Btu/(hr) (ft2)(°F) 


ere 

T   . 

at 

T 

c 

T 

0 

A 

c 

A 

r 

A 

w 

U 

c 

U 

r 

U 

w 


5-15 


Example  14    -  Attic  Temperature  for  a  Wood  Shingled  Roof 

Calculate  attic  temperature  for  a  wood  shingled  roof  with  the  given 

dimensions.     T     is   -9     F,  T     is  68     F.      See  Example  6  for  ceiling  U  factor, 
o  c 

U     =  0.05.      See  Example  12  for  roof  U  factor,   U     =  0.25.      For  Example  1, 

for  no   insulation  and  3'2-inch  air  space,   U  factor  for  wall    is: 

Rj  from  Example  1  14.43 

Subtract  insulation  -11.00 

Subtract  gypsum  board  -  0.45 

Total    Resistance,  RT  2.98 

UW=1/RT  0.34 


Calculate  Area : 


w 


30  x  50  =  1500  fr 

JT x  15  x  50  x  2  =  2120  ft' 

30  x  15  x  h   x  2  =  450 


T     (1500)(0.05)(58)  +  (-9)  [(2120) (0.25)  +  (450)(0.34)] 
'at  "       (1500)(0.5)  +  (2120)(.25)  +  (450)(0.34) 


=  5100  -  6147 
at  ""  75  +  530  +  153 


=  -1.4  UF 


Example  15  -  Attic  Temperature  with  Mounted  Collector 

Calculate  the  attic  temperature wi  th  a  collector  mounted  on  one  side 

of  roof.  From  Example  13,  U  with  collector  is  0.09.  A  U  in  equation 

(5-9)  consists  of  two  parts: 

A  (with  collector)  =  1060  ft2 

A  (without  collector)  =  1060  ft2 
r  v 

Uf  (with  collector)  =  0.09 
Ur  (without  collector)  =  0.25 
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ArUr  =  (1060)(0.9)  +  (1060)(.25)  =  360 


For  Example  5-14, 


t   -  (1500)(0.5)(68)  +  (-9)  [360  +  (450)( .34)1 
'at  "       (1500)(0.5)  +  360  +  153 


T   =  5100  -  4617   =  n  o  oF 
at      588       °-8  F 


When  ventilation  is  provided,  at  0.5  cfm  per  square  foot  of  ceiling, 
the  attic  temperatures  must  be  reduced  from  those  calculated  in  Examples 
14  and  15.  Thus,  the  attic  temperature  approaches  outdoor  temperature. 
Attic  temperature  may  be  assumed  to  be  the  outdoor  temperature  with  well- 
insulated  ceilings  without  significant  error  in  heat  loss  calculation. 

Unheated  Garage  --  With  similar  detailed  calculations,  the  temperature 
in  any  unheated  garage  may  be  calculated.  For  ease  of  calculation  of  heat 
losses,  the  garage  temperature  may  be  assumed  to  be  the  mean  of  the  indoor 
and  outdoor  temperatures,  thus: 


TG  =  ^— L  (5-10) 


Example:  With  outdoor  temperature  of  -9  F,  indoor 
temperature  of  68  F,  the  garage  temperature  is: 
TG  .  (-9)  +  68  .  30  oF 


Example  Heat  Loss  Calculation 

An  example  heat  loss  calculation  is  presented  below  for  a  house  in  Fort 
Collins  shown  in  Figure  5-1,  with  the  description  of  materials  given 
in  Figure  5-2.  The  windows  in  all  bedrooms  are  31  x  4',  double  hung, 
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single  pane,  wood  sash  with  storm  windows  having  3-inch  air  space.  The 
window  in  the  bathroom  is  2'x  2',  double  hung,  single  pane,  wood  sash 
with  storm  window.  The  window  in  the  living  room  is  4'  x  8',  wood 
sash,  double  glass  with  ^-inch  air  space.  The  window  in  the  kitchen  is 
2.51  x  4'  double  hung,  single  pane,  wood  sash  with  storm  window.  The 
window  in  the  breakfast  nook  is  3'  x  41  double  glass,  wood  sash  with  ^-inch 
air  space.  The  6'  x  6'  sliding  patio  door  in  the  family  room  is  double- 
glass  wood  frame  with  J2~inch  air  space.  The  basement  windows  are  IV  x  IV 
and  will  be  ignored  in  this  calculation.  Bathrooms  and  kitchen  are  ventilated, 

The  heating  worksheet  in  Figure  5-3  is  used  to  facilitate  calculations. 
Referring  to  Table  4-5,  the  design  temperature  is  -9  F  for  Fort  Collins, 
Colorado.  The  design  indoor  temperature  is  68  F.  The  total  heat  loss 
from  the  building  for  the  design  temperatures  is  53,215  Btu  per  hour.  The 
heat  load  based  on  degree  days  is  determined  as  follows: 


Heat  loss  nA 

x  24 

Design  Temperature  Diff. 


For  the  example  of  Figure  5-3,  the  heat  load  based  on  degree  days  (DD) 
is  £8  -  (-9)1 


53,215  x  24     1CKQn   Btu 
68  -  (-9)     ibbyU    DD 


It  is  interesting  to  note  that  the  overall  U  factor  for  the  house  for 
the  above  grade  living  space  based  on  the  computations  in  Figure  5-3  is 


UQ  =  (532078~x7771}  =  0.28  Btu/(hr)(ft2)(°F) 
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For  the  entire  house  including  the  basement, 


Jo  =  Unl   77  -  0.21  Btu/(hr)(ft2)(°F) 


HEAT  GAINS 

Heat  transmission  into  a  building  takes  place  by  radiation  and 
conduction  from  building  surfaces  and  by  infiltration  of  warm  air  into 
conditioned  space.  The  detailed  procedure  is  quite  complex,  taking  into 
account  the  thermal  and  optical  properties  of  the  building  materials, 
time  of  day,  day  of  the  year,  solar  radiation  intensity,  etc.  The  procedure 
described  in  this  module  is  based  on  a  simplified  method  using  a  design 
equivalent  temperature  difference. 

Heat  gain  is  computed  by: 

Q  =  UA(DTD)  (5-11) 


where 

Q    is  rate  of  heat  gain,  Btu/hr 

2 
A    is  area  of  surface,  ft 

U    is  heat  transmission  coefficient,  Btu/(hr)(ft  )(°F) 

DTD  is  design  equivalent  temperature  difference. 

The  DTD  for  three  design  outdoor  temperatures  are  listed  in  Table 
5-7.  U  factors  for  typical  construction  may  be  computed  in  the  manner  shown 
in  Examples  1  through  13.  Heat  gain  through  windows  depends  upon  exposure 
to  solar  radiation;  therefore,  heat  gains  will  differ  for  different  window 
orientations.  Heat  gains  directly  in  terms  of  Btu/(hr)(ft  )  are  listed  in 
Table  5-8.  No  credit  is  given  for  shade  line  below  an  overhang  in  the 
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table.  When  a  permanent  overhang  is  provided,  the  shaded  window  is 
treated  as  a  north-facing  window.  Average  shade  lines  below  an  overhang  for 
various  latitudes  and  window  orientation  are  given  in  Table  5-9.  The 
overhang  width  multiplied  by  the  shade  factor  determines  the  average 
effective  shadow  lines  below  the  level  of  the  overhang.  Data  are  for 
August  1,  averaged  over  5  hours. 

INFILTRATION 

Infiltration  in  the  summer  is  less  than  in  winter  because  the 
temperature  difference  and  wind  velocity  are  less.  Air  changes  per 
hour  for  the  summer  are  listed  in  Table  5-6.   Sensible  heat  gain  is 
determined  by  equation  (5-7)  and  latent  heat  gain  by  equation  (5-8). 
Residential  cooling  loads  are  almost  always  based  on  sensible  heat  gains. 

OCCUPANCY 


Heat  gain  from  human  beings  in  a  residence  is  usually  assumed  to  be 
about  200  to  250  Btu  per  hour.   For  normally  equipped  kitchens,  heat 
gain  from  appliances  is  assumed  to  be  1200  Btu  per  hour  for  determining 
cooling  loads. 

SOLAR  EQUIPMENT 

Heat  gains  from  solar  equipment  in  a  residence,i .e. ,  motors,  heated 

pipes  and  ducts,  will  add  to  the  cooling  load.  The  heat  gain  could  be 

significant  from  water  storage  tanks  if  the  equipment  room  is  not  vented, 

While  there  are  as  yet  insufficient  data  from  solar  heated  and  cooled 

houses  to  provide  design  tables,  a  heat  gain  equivalent  to  the  kitchen 

load,  1200  Btuh,may  be  assumed. 
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LATENT  HEAT 

Latent  heat  load  of  30  percent  of  the  sensible  heat  load  may 
be  used. 

COOLING  LOAD 

The  differences  between  heat  gains  and  cooling  loads  are  important 
in  calculating  residential  cooling  loads.  The  cooling  loads  in  residential 
buildings  are  primarily  due  to  sensible  heat  flow  and  not  to  internal 
heat  gains.   It  must  be  remembered  that  only  a  few  days  each  season  are 
design  days,  and  a  partial  load  condition  exists  for  many  hours  during 
a  season.  Thus,  an  oversized  system  does  not  perform  effectively  with 
short  term  or  intermittent  operating  cycles.  Equipment  should  be  of  the 
smallest  possible  capacity  and  designed  to  operate  for  24  hours  a 
day,  using  the  thermal  storage  available  in  interior  walls,  and 
furnishings,  to  reduce  temperature  excursions  in  the  building. 

PROCEDURE  FOR  CALCULATION 

1.  Determine  the  design  outdoor  summer  temperature  from  Table  4-5. 

2.  Establish  an  indoor  design  temperature  (usually  75  F). 

3.  Determine  net  areas  of  building  sub-structures. 

4.  Select  U  factors  from  Examples  1  through  13,  or  calculate  U  factor 
from  appropriate  tables. 

5.  Select  the  Design  Equivalent  Temperature  Difference  (DETD) 
from  Table  5-7. 

6.  For  windows,  use  heat  gain  rates  given  in  Table  5-8  corrected 
for  shading  factors  given  in  Table  5-9. 
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7.  Calculate  the  sensible  heat  gain  from  conduction  and  radiation, 
using  equation  (5-11); 

Q  =  UA(DETD)  (5-11) 

8.  Calculate  the  sensible  heat  gain  due  to  infiltration,  using 
Table  5-6. 

9.  Add  heat  gain  from  occupants  and  fixed  appliances. 

10.  Sum  the  sensible  heat  gains. 

11.  Add  30  percent  for  latent  cooling  load. 

12.  Total  the  latent  load  and  sensible  heat  gains  to  determine 
the  total  cooling  load. 

EXAMPLE 

The  cooling  load  for  the  house  of  Figure  5-1  is  calculated  as  shown 
in  Figure  5-4.  The  outdoor  design  temperature,  from  Table  4-5,  is 
89  °F.  The  indoor  design  temperature  is  75  °F.  The  U  factors  for  walls, 
ceiling  and  door  are  the  same  as  for  winter  conditions.  Refinement  in  U 
factors  were  not  made  in  these  computations  although  the  R  factors  in 
air  films  in  Tables  5-1  and  5-2  would  result  in  slightly  different  R  factors 

The  overhangs  over  the  south-facing  windows  effectively  reduce  the 
heat  transfer  rates  equivalent  to  the  north-facing  windows,  and  there 
are  no  east- and  south-facing  windows.  No  credit  was  taken  for  shades  or 
drapes  over  the  windows. 

The  temperature  in  the  garage  was  assumed  to  be  the  mean  between 
indoor  and  outdoor  design  temperatures,  and  the  design  temperature 
differences  (DETD)  given  in  Table  5-7  were  interpolated  for  the  design 
outdoor  temperature  of  89  F. 
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The  total  cooling  load  for  the  building  is  calculated  to  be  18,621 
Btu  per  hour.  This  low  cooling  load  is  a  result  of  low  design  outdoor 
temperature  in  Fort  Collins,  89  F,  and  a  building  which  is  insulated 
properly  with  shading  over  windows.  The  values  used  apply  for  average 
summer  conditions,  and  it  is  likely  that  cooling  loads  for  days  when 
temperatures  reach  95  °F  will  require  greater  cooling  capacity.  If  the  air 
conditioner  is  operating  24  hours  per  day,  even  for  these  days,  the 
temperature  excursion  inside  the  building  should  not  be  large. 

Based  on  a  cooling  load  of  18,621  Btu/hr,  a  temperature  difference 
of  14  F  and  above  grade  floor  area,  the  overall  heat  transfer  coefficient 
for  the  building  is  0.64  Btu  per  hour  per  square  foot  of  floor  space  for 
each  F  temperature  difference  between  design  outdoor  and  indoor 
temperatures . 


5-23 


•TOTAL-FLOOR  AREA 

20  78 -M*-2  floors 
plus  1182  ft2-  Base. 

3  26  0    ft2 


N 


Colonial  two-story  with  all  the  neces- 
sary size  and  luxury  for  a  large  or 
growing  family  •  Four  Bedrooms  and 
Two  Baths  on  the  Second  Floor  • 
Large  Entry  With  Open  Stairway  • 
Spacious  Living  Room  •  Formal  Din 
ing  Room  •  U-Shape  Kitchen  With 
Eating  Space  •  Family  Room  With 
Fireplace  Located  Next  To  Kitchen 
•  Full  Unfinished  Basement  •  Two 
Car  Garage    •    Paneling 


3  ft.  overhang 
31'  - 


URoof  Overling  3  ft.  *" 


Figure  5-1.  Example  Residential  Building 
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Figure   5-2 
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INSTRUCTIONS 

1.  For  additional  information  an  how  Lhla  form  li  to  be  eubmitted. 
of  coptea.  etc..  Be*  the  inerruc-Uona  applicable  to  the  FHA 
Application  for  Uoricafe  lnaur*nc«  or  VA  Reajural  for  Determination  of 
Raaeartable  Value,  ■•  the  cate  mar  be 
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1.  IXCAVATIONi 

Bearing  toll,  type  

3.  FOUNDATIONS, 

faotlnfi:  concrete  mU 


Clay 


_____ 


concme 


etrengih  pal 75001 


"•undaiton  will:  material 

Interior  foundation  wall    matrnal 

Columni:  malarial  and  ilaei  sen    plan*. 

OMm:  meter—  and  iiata  »*«,    plane. 

iktatrTxnt  entraace  a— ewtr  ____________ 

W.wfrjrwABj         hot,    spray   asphalt 


Pan*  foundation  wall 


Reinforcing 


-+VWW 


n.inferdn.     «ae  plana 


Plan:  malarial  and  nrlnfur-clng 
fllll:  material 

Window  ATMwajrt  . 

Footing  rtrelM  


see  plana 


ace  plana. 


none 


Termite  pro laeiiea  ________ 

B— —ntntleu  ipoct:  ground  covrr 
Sprclal  foundation*  _________ 

Additional  Information    


S_    felt 


. ,  Inaulaikoo . 


foundation  v.... bird   screen 


J.  CHIMNEYS: 

M_i«_J  mfttal 


Flue  lining    avktcrUI 


Pnfkbncatvd  (  mmki  *n4  ntt)  _ 
H«_ict  flu*  tin  fll__ 


FirrpUcr  flixr  ii_-  9"    A  _P  t 


VenU  ( mmtfT] imt  m*d  m.*)'    ja»  or  oil   healrr  . 

Addii.on-J   Lntornuiiion    _________________________________________ 

4.  HREPLACESt 

Tvpa:  _fj  aolld   fuel,  Q  |aj-buminf ;  Q  circulator  ( mmXt  t*4  rtrr;  , 
nrrpUoc    facing     Br<rl     Vrnrrr  Uning        murol 


Aah  dump  and  clean-out 


. ;  hearth 


hrlrk 


manutl     __Q_1 


Additional  information      Hnatllator  Mark,   17,     Modal    1036 
».  IXTIRIOft  WAIU, 


Wood  frame:  wood  grada,  and  ip— -■-         W  .  C  .     C^nit.      fir 

SWathing    Irrnil        b^gfi         .  thtcknew    lt"  ;  width  _ 

Siding      wood       .  ,,„ .  ,,_  _ 

aWnjlaa  . ;  grade ;  fypa  . 

•moo* ;  Ihkkneaa ",     La Uh 


□I  Oortwr   bracing.      Building   papar  or   felt  

—  I  D  aolld;  D  ipacarl "  o   e.;  O  diaa— uh 

—  ;  tlM ;  rtpoaure ",  Cunning  g a  1  V        n i  I  i  6 


capoaura  . 


(aliening  ga  1  vi ■ — nail  g 

;   wrigtil lb. 


K_oru7  Y*nm*  . 


SilU. 


Uoielf     ngno- 


Baaa  run  King  rBBtai 


Maaonry:  f_  aolid     Q  faced     □  iiuccoad;  total  wall  thicluieai  . 

Backup  material 

Door  aUb Window  lillj  

Inlerlor  auHaoea.  dampprooAng. coati  of  

Additional  Information:  


.".  facing  uSLcLneaa ",  facing  material 

;  thlritn_-  ,  *    bonding 


furring 


Baae  flaaKIng  . 


Eaarrlor    palnljng     material  Jonot     Bl-Iir     a».»riog    paint 

Cable   wall  rondnxixvi     £J  lame   at   main   walll,  fj  mher  conKructtoo   

6.    FIOOB    FRAM1NO: 

Jotmi    wood,  grade,    and   iprrm  .k/^G-r—^mjt  r-  -f.  t  "*"' — 


bridging   ^y. 


Concrete   tiab.  |Q  tuurmrnl  rloor.    Q  nru   ftoor.  Q  ground   lupported.  Q  »elf  •upponing.   mm  S     r.  floK 

reaalorrtag      6/6.10/10     U~UT ;  inauUlion . ;   mar-brar. 

Pal  tandcf   itab:    rnafcmal  nr  air— 1 ;  ihecfcnoai  m A *.      Addilirjetal   iaJorrnation    


anchor,  ijll-JJll 
,   Ihaanrat         <) 


7.    SUOflOORINOi  (Doacrrb*  urv/er/loonnc;  for  ip»crol  Aoori  undor  rr»m  7 1. J 
Material    grade  and  ip— lea  _  1/4''    twig    ttnd    (W« V# 


Laid:  Ql    Am  floor.  Q  arcond  floor.  Q  aitrc 


•i--+*8- 


.  aq    A.I  Q  dotgonal;  QQ  rigKl  angles.     Additional   information: 


-efr- 


I.    RNISH   riOORINO.  (Wood  only.      Doacrrtw  orhor  Anlih  flooring  undtr  itmm  21.) 


Lo&*Yxm 

Koo>« 

Ci>  — 

leuw 

Ti- 

VUl 

VVlOTW 

»u»   P*raa 

tmm~ 

firm  floor 

Auk   lUor 

«i.  • 

FHA  f— m  JOOrJ 


OCSCWPTION   OF  MATERIALS 
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Figure   5-2      (continued) 


DESCRIPTION  OP  MATERIALS 


♦.  PARTITION  ttAMJNOt 

•nidi;  wood.  grade,  end  tpeoea W    f COOSA £i-T eUe  end  tpecia*;      ?^i    «     7i"    n    r 

Additional  UJbrmiuoo         Bfaring    Wal  U- 7\A    «     In"    r>    r 

10.  CBUNO  FRAMlNOi 


Other. 


Jalata:  wood,  grade,  tad  ipui Other  _ 

AddtoonaJ  l«/orrneuo_:  tXUSJ     (    lt*i    iXXACjjMJJ    flffflll) 

11.  toof  framjwo. 


■rt-VH. 


HarVrrv  wood,  grade,  and  ip«rl«« 

Additional  —©rmatfoa: tnitl — (>Q«    ■tt.ichoj    tUtall) 

II  ROOflNOi 


Hoof  «— —  (ox  detail):   grade  tad  l  pre*—  . 


45  °  pitch 


•KatUUa|:  wood,  gradr,  end  ipacioj       1)"    f    P       plji_-»/->f| 

Aaonag      »t{vhalt .  !"«•  -liSJ — 

Uadarlay  _S*J4 

Built-up  roonng .____ _______ 

P_hlng.  material    galw.    modi 

Addltaonal  Information:  


I  0  a»Ud,  O  'pec-d. 


,  |  weight  or  aVteaoaw       '  , 

.  i  number  ef  pJUa 

. ;  p|*  or  weight JQ 


,  turfadeg  miurUI  . 
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.,  O  gra-rl  trope,  Q  anew  guard* 


19.  OVTTIM   AND  DOWNSPOUTSt 
Gurtm:  materiel      rjl  V  ■ 


Downipoult:  melt  rial         ™  0  ^y  | 


i»p  -  weight  __j^ 


Downtpouta  connected  to:  Q  Storm  tewer,  Q  unitary  »rwer;  _  dry-well.     Qj  Sptath  block-:    mean  —  aad  tire  . 
Additional  Information:  ______ _________ _ _____ ___ _____ ____________ _______ _____________ 

14.  LATH  AND  PLASTER  J 


Ltd)  □  welll,  __  ce-mjl     material  ___________ 

•Ory-waD  £_  walla,  Qceilinp:    material         gyp  .      bH  . 
Jalai  treatment  f  ap* 


.;  weight  or  thkkneu  . 


_-C_DCU  . 


F_ier:  coeu 
finish 


l-ruth  . 


textuie 


IS.   OCCOftATINOi  (Paint,  wallpaper,  afcj 


loot* 

Wall  f>u*H  Mat-bial  liio  AmjQAnoN 

Olaum >  r»_i  Mtruw  And  Ajtucatv— 

■tilth.. 

0)    rr^mt    1(?)    tnmil    co_to             - 

tJnif 

__■_ 

t<                                it 

<_rh_» 

(1)    coat    rubber    ha«e 

tt 

Additional  Inform  iiioo 

applies    only    t„    finished    area.    (i«-»   r'^ng) 

U.  INTiaiOU   DOORS  AND  TRIM: 
Door,    tjyt WQO-     flU-h 


Door  trim    type      S.     line ,  mat-rial  ttj_i___pjjx__ 

rUUa    doon.Fl...      f.2.1     CQflM -ATj-lO 


ma-tfUJ  — mahogany 


title  knew 


.3/6" 


OiKtf  trim  f  tir*.  f-ar  e«V  <*«..«,) winHnu    e  i  11  «  ■     f^nnicfl 


••••'  <rv   i,    Un> ;  matarUl  wht*.   pine     •  "'•  -5V 

■ ;  ,riro     (*)    pr*w»,    (j)    <m_jiiel    eoat  a 
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17.  WINDOWS:  General   Aluminum  Corp .     t^R^an        tel.  321-4316 


W_Miow>    lyp*       g  1  i  H  i  ng 
CUu    frtdr 
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. .  m*-.__tries    1800 
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. ,  __  uih  wnjhu;  _J  b*l«nc-l.  type. 
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;  number  coati 
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II.  INTRANCES  AND  IXTERJOR   OfTAlU 
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■todtcine  tabiaeu:   make  ______________________________________ 
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_■ 
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Addillaaal  inform auion   
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(2)   P«r 


aa.  piumiino> 


t  DTTV.l 


Loot 


Mni  fi.Tvtl  IncmnoirTOM  No 


Vli 


•a—. 


k  i  rrhpn 


firi 


Sft* 

Xriur . — Standard 


MM 


2lnil 


white 


Lavatory  

Water  doael . 
■eiKrub 


bath 


41007,  Pit, 


10"   Din, 


toMw 


MH2   PB 


ftbower  over  tub 

Sufl  ih©wt»A 

Laundry  trayy  


Br«8B* 


3000 


aOxfrO 


AfJ  Curtain  rod        ^Q   Door         □  Snowcr  pan:  material 

Water  aupply    Q  public.   O  community  lyMcm,  □  individual   (private)  num  t 

i«»»p  diapoaal    (Q  public;  Q  community   intern,  Q  individual   (private)  lyuern.A 

^ Saaw  «*e*  Weimar  WiiWm/  rvlem  u*  cvnpliu  detail  in  upmnU  &WMWgt  uW  j/wr^a/Maj  esrvdinf  t»  Wf.inr.tmJj 

Houat  drain  (uulde):  □  caat  iroo,   □  tile,  Q  other  _Jvg£ Houae  arwer   (ouud<);  □  c&ii  iroo,  Cj^'e,  D  other. 

Wairr  piping:  □   galvanised  Had;   Q  copper  tubing;  Q  other 


Gat 


Domcatic  witrr  heater:  type 

3}     } gph.    100'   rtae.      Storage  tank     malarial 

Oaa  aarvlce:  Q   utility  company,   Q  Ik)    pet.  |u.   "^  other 

Faotlng  drain,  connected  to    Q  norm  w*cr;  ^j  aeoltery 
:  capaclD/ _^ 


make  end  model    A       0       Sm  I  r  h 


gXfl— S, 1  \r\rt\ 


.;  heeung  capacity       42.QO0     BTU 
;  capacity 4Q_  gallon* 


Caa  piping    Q   cooking,   £3  houae  healing 


r;  D  dry  well       Sump  pump,  make  and  mode). 
,_  ;  discharge*  laid  


/''□  Hot  water)     □  Steam       □   Vapor      Q  Ooe-pip*  rftwn.    |Q  Two-pipe  lyncrn 

X  fl  n^*f»#*^-       Q  Cooveeton.      [j   Baacboard  radiation.      Make  and  model  

Radiant  pand.  Q  noor,    □  wall;  □  Colin*      Paoai  oul;    matej-ial 

Q  CareuUior       □  Rerum  pump.      Make  and  model  

Boater:  make  and  model . __^ Output 

Additional  ir>  forma  l  ion    , 


;  capacjry  . 

.  Btuh  ,  net   rating 


-ipm 
Bruh 


Warm  air:  Q  Craviry      Q  Forcad      Type  of  tritem  _ 
Duct  material    lupply     ga  ly  , ;  raeuro  . 


gatv. 


/ag^-^g-j     art/ 


laiuUlion  . 


fura*oe:   maJic  tnd  model 
Addition*!  lnlbrm«tio« 


[><tnn»M- 


,  itiic-neu O   CXjtAjdW   air   teuvhc 

'"p"tPA     plan<        Bmh  ;  outpwi    ^/'p     plane       Hmfc 


Q  Sp*c«   Keaicr,   □  floor  furn*ct;  □  w»U  K*»i«r.      loput . 


,  Bruh  ,  output  , 


B(uh  ;   number   unin  , 


Ma«ke,  model 


AddiliprvatJ  ^ntormA^fin 


ControJi:  nuke  and  typri . 
AiiditaOA*!  .nbrrrutaon 


Uwwt 


Fuel:  Q  Co-J;  Q  oil;  D  I".  D  ^    P«-  f««:  D  »*«ccnc;  Q  other, 
AddJuoeULJ  l/.(orm*t.on;       ,     , 


...  uor»(T  capAury  . 


nrVf  •quLpmeni   rurnuhvd  *cp*r»i«ly    Q  Cu  buratr,  ooavunioo  type,     Q  S«Dat«/:  hoppw  f«rd  Q,  Wn  fevd  □ 

OU  buroar:  □  pr«mur«  «ton.Liing.   Q  VBpoHjinf  , , . — 

Mikt  *nd  modeJ Owitro* 


A4diilo-_  Into— u.Uo 


tiwiric   kamtlng  i>Bi#m     lypa  , 
A^ditirm-J    lilrWm AlkMl     _. 


tnpwi  , 


.  wt«rt>;   (2  , 


.  win,   eutpul  . 


VaaUUuAf  «quipetvu.t:    tvuki  Qui,  rrui-4  tnd  mod«l 

tU-t-MWl  t_K«iAfl  — n.   mjk.1  ._d  modkJ 
OOwr    rMtUlltaf,    v«*Ui«lia|.    or   oooilnj    «quipm«nl  


tu*p*clty  . 


iaa   it»»   I    34 


14.   BJCTtlC  W1UN(»i 

Vrviu    □    ov«rhe*i).    CO    -Tid«Tfro und        P_n*».  Q   IVm  bo*.    (_  circuH-br«*k_t'.    malw Kttrtft*3» 

ViriAf    Q    oortduii.  □  armorvd  «_bi*.  Qnonm*i»lUc  c*bie;  Q  knob  *v»d  rubo.  □  o*ri#f 

ipptuil  ou'Lru    C!Xr*ACt.  D  *^-w  heaicr,  CX other  *j>y*>P 


-AMfi top      No.  clrtuiti     ^  . 


C_  DoorbrU.      Q  Chirne*.      Push  b-jtiao  locAiiont      front     door 


AddiuonAl   Uaab— uiuoc 


15.  UOHT1NO  FIXTUtlESi 

TouU  number  o/  n«tiai—  qap     plant.    To*_J  alk»w_>c«  (or  fl«tur«i,  lyp-z—  IritfaUUUttoiv  * — jfeQ.QQ 

Nortryp»cftl  truuUUuon : 

AddilioruLl   anfornuMior.: ^ __ .      — . 


DESCRIPTION  OF   MATERIALS 
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Figure  5-2 (concluded 


DESCRIPTION   OF   MATERIALS 


36.   INtULMIONi 


Cnll«| 
W.ll  _ 
Hoot  _ 


it 


■.niwL,   Tt't,   **o  ^lirwuo  (»iMnu»r 


&S: 


H 


TIMBEH  VJNE    fHSUUTlfiU 
A-B2-  _1____1 


w  -aibi 


HAHOWAKIi  (mola,  mUnol,  ond  fin. id  J 


I BOOth 


Privacy  Jock  at  nuaier  bedroom jmd  tuliiraflma.;  iryrd   inrks  .-it   ail   rntranff  iionrs   including 
garage  doors:    all   other  doors   pass.ifc   knobs. 


JP8CIA1  IQUIPMINT:  (Slot*  maltrial  or  mala,  modal  and  quantity.  Includm  only  aqwpman/  and  opplionctt  which  or*  a«»pl- 
ebl*  by  lo<al  low,  eulfom  and  opplicabl*  fHA  itandardt.  Do  not  Include  itmmt  wh,</t,  by  mitabliihtd  cuilom,  or*  lupplitd  by 
txcupanl  and  r»mo*td  whtn  h»  racolti  prtmitmt  or  chotltti  p*xth,bit»d  by  law  from  b*coming  r malty  ) 


farhagr    DispnsaJ — - Int.!  narrator    Badgar 


Dithuashpr   .    Fngidalr»   D'i>   3CDUU 


Bangs 


RBE    353 


Hood  .   Nautilus 


Optional  ftropiaon Haattlato-  Mark  121   Model  iQib 


Optional  Hoaacin*  Cabinet ft»o»t*»4  Kent  -MoaWl  VM,    1430 


37.  MISCELLANEOUS:  (Daicnba  any  mom  dwal/mg  molinoli,  •quipman/,  or  (Ooitrutlion  itmmi  not  ihown  tliawhara,  or  on  fo  pro»rd» 
additional  Infor motion  whmrt  tht  ipoca  pro*\d»d  wat  Inadtauat*.  A/wujrt  raVtranc*  by  iltm  num6«r  to  corrmtpond  to  numbering 
Uiod  on  Ihlt  form.) t 


PyuviJ*   hot    H   oolU   w»Uf    fwp -wBt-tvo-y 


-HO  »wt>«x    *>r-  w**Tt«i 


330  oa>«44K  -»« 


PORCHES: 


5cc   plana- 


Tf*  RACES: 


ace   plans 


OARAOES: 


arrached    jm  plant 


WALKS  AND  DRIVEWAYS: 

DH»rway:   w4Hth         \J  '  bafrr    mairnal      qrlVtl 1   ihkliwftl       j  lurfacing   mairnat         Oonqr^tO •   'htcknral  . 

Front  walk;  width        3  '  •  maimaJ      COflC  l*Wt  #     .  »h«hnril— 4—  "       Servka  walk,    width .  material .  thkknc»i  . 

S4rpa:    maurUJ  COHCflt' •    "*****  ._"   "'   ■**"«        ftll  Chrrk    Willi  


OTHM  ONSTO  IMMOVIMINTSi 

(  $fi*r\J*>  «U  tttittsr  mtttt  tmprQmmntl  *»i  dtunbrd  +lt**ktrt.  t»i-JWi*_   ifr%i  /«rA  «l  •  ••*•*•/  gf-itmg.  4'aintg*  ttr\H(mt*i,  rtimtmtng   tvttti .  Jtntt ,  rwilimft 
*W  mtttuity  »tn*tmif$  f 


LANDSCAPtNO,   PlAmiNO,   AND  FINISH  ORADINOi 

TupJOil         4  thick:    fJTJ  front  yard;    (___  nd«  yanla,   _3  r**r  yaf^  u>  ttj  T, 

Ljmtu  j'.VwW.  *W<»W,  »f  ipngpi)     Qfroot   yard nodded '   D   "***   **"**- 

fUalmf   Q  u  »prclArd  »n«J   »Hov*n   on  drtwmp.   Q  *»   tuJU^i 

_a__^_  Shod*  irrta,  dcoduoui. "  c-aUpcr  


.  (met  brKind  mam  builOinf 
Q  r»*/  y*/d 


___,  Low  aWwrriag  irra,  drciduout, 
„ _.  HtfK-frowing  ihrubt,  drctduout, 
_.„  M*dtt*m- gracing  ihrubj.  droduotu, 
___.  Low-growing  thrubm.  drctduoui, 


t  *t igivtii  irtti 
Ewrgroin  nhrubi. 
Vlnrt,  3-yov 


B  4    B 

1IU 


lMimflt>TtOM. — Thii   cmiub«l    th*U    be    kieouftod    by    ih«    uga*runc    of  ihc  builder,    or   fponeor.    uwi/or  lh«   propot>«d   mortgagor  J    ih«   Uilc/   u 
hww  at  Uw  dm*  of  iiDpitcuioa. 


Dm. 


21,  Jamary 1S7S. 


S*gruuurt 4- 


FHArWmtOU 
VAfWrn  3*-1IS3 


Sign 
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Figure  5-3 


HEATING  WORKSHEET 
for  Example  Building 


BUILDING  SECTION 

SIZE 

NET 

U 

TEMP. 

HEAT 

•  TOTALS 

OR 

AREA  OR 

COEFF. 

DIFF. 

LOSS 

VOLUME 

VOLUME 

[68-(-9)] 

BEDROOM  1 

South  wal 1 

(15+3)x8 

120 

.07 

77 

647 

East  wall 

13.5x8 

108 

.07 

77 

282 

Windows  (2) 

3x4 

24 

.50 

77 

924 

Infiltration 

2/3x15x13.6x8 

1088 

.018 

77 

1508 

3361 

BEDROOM  2 

East  wall 

14x8 

112 

.07 

77 

604 

North  wall 

11x8 

76 

.07 

77 

410 

Window 

3x4 

12 

.50 

77 

462 

Infiltration 

2/3x11x11x8 

645 

.018 

77 

894 

2370 

BATHROOM 

North  wal 1 

8x8 

60 

.07 

77 

323 

Window 

2x2 

4 

.50 

11 

154 

Infiltration 

3/4x7.5x11x8 

495 

.018 

11 

686 

1163 

BEDROOM  3 

North  wall 

12x8 

84 

.07 

11 

453 

West  wall 

10x8 

80 

.07 

11 

431 

Window 

3x4 

12 

.50 

11 

462 

Infiltration 

2/3x10x12x8 

640 

.018 

11 

887 

2233 

BEDROOM  4  &  HALLWAY 

West  wall 

16x8 

128 

.07 

11 

690 

South  wall 

14x8 

88 

.07 

11 

474 

Window 

2x3x4 

24 

.50 

11 

924 

Infiltration 

2/3x14x16x8 

1195 

.018 

11 

1656 

3744 

LIVING  ROOM 

South  wall 

32x8 

203 

.07 

11 

1094 

Door 

3x7 

21 

.26 

11 

420 

Window 

4x8 

32 

.62 

11 

1528 

East  wall 

13.5x8 

108 

.07 

11 

582 

Infi 1 tration 

2/3x19x13.5x8 

1368 

.018 

11 

1896 

5520 

DINING  ROOM 

East  wal 1 

13.5x8 

108 

.07 

11 

582 

North  wall 

11x8 

88 

.07 

11 

474 

Infiltration 

1/3x11x13.5x8 

396 

.018 

11 

549 

1605 

\ «j 
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Figure  5-3  (continued) 

HEATING  WORKSHEET 
for  Example  Building 


BUILDING  SECTION 

SIZE 

NET 

U 

1  TEMP. 

HEAT 



TOTALS 

OR 

AREA  OR 

COEFF. 

DIFF. 

LOSS 

VOLUME 

VOLUME 

[68-(-9)l 

KITCHEN,  BREAKFAST 

North  wall 

18x8 

122 

.07 

77 

657 

Window 

2.5x4 

10 

.50 

77 

385 

Wi  ndow 

3.4 

12 

.50 

77 

462 

Infiltration 

1x18x11x8 

1584 

.018 

77 

2195 

3699 

FAMILY  ROOM 

North  wall 

21.5x8 

136 

.07 

77 

733 

Patio  door 

6x6 

36 

.58 

77 

1608 

West  wall 

13x8 

104 

.20 

77 

1602 

South  wall 

22x8 

176 

.52 

38 

3478 

Infiltration 

2x13x22x8 

4576 

.018 

77 

6342 

13763 

HALL 

West  wall 

17x8 

136 

.52 

38 

2687 

Infiltration 

1x8x8x17 

1088 

.018 

77 

1508 

4195 

BASEMENT 

North  wall 

54x8 

432 

.10 

23 

994 

West  wall 

28x8 

224 

.10 

23 

515 

South  wall 

54x8 

432 

.10 

23 

994 

East  wall 

28x8 

224 

.10 

23 

515 

Floor 

32x28 

896 

.10 

23 

2061 

Floor 

13x22 

286 

.10 

23 

658 

Infiltration 

1/6x54x13x8+ 
1/6x15x32x8 

1576 

.018 

77 

2184 

7921 

CEILING 

Second  floor 

32x28 

896 

.04 

77 

2760 

Family  room 

13x22 

286 

.04 

77 

681 

3641 

1 1 

TOTAL 


53215 
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Figure  5-4 

COOLING  WORKSHEET 

for  Example  Building 

BUILDING  SECTION 

SIZE 

NET 

Jor  UNIT 

DDT 

HEAT 

TOTALS 

OR 

AREA  OR 

HEAT 

GAIN 

VOLUME 

VOLUME 

GAIN 

BEDROOM  1 

< 

South  wall 

18x8 

120 

.07 

19 

160 

East  wall 

13.5x8 

108 

.07 

19 

144 

Windows  south 

3x4 

24 

27 

648 

Infiltration 

1632 

816 

.018 

14 

205 

1157 

BEDROOM  2 

East  wal 1 

14x8 

112 

.07 

19 

149 

North  wall 

11x8 

76 

.07 

19 

101 

Window 

3x4 

12 

27 

324 

Infiltration 

968 

484 

.018 

14 

122 

696 

BATHROOM 

North  wall 

8x8 

60 

.07 

19 

80 

Window 

2x2 

4 

27 

108 

Infiltration 

660 

660 

.018 

14 

166 

354 

BEDROOM  3 

North  wal 1 

12x8 

84 

.07 

19 

112 

West  wall 

10x8 

80 

.07 

19 

106 

Window 

3x4 

12 

27 

324 

Infiltration 

960 

480 

.018 

14 

121 

663 

BEDROOM  4  and  HALLWAY 

West  wall 

16x8 

128 

.07 

19 

170 

South  wal 1 

14x8 

88 

.07 

19 

117 

Window 

3x4 

24 

27 

648 

Infiltration 

1792 

896 

.018 

14 

226 

1161 

LIVING  ROOM 

South  wal 1 

32x8 

203 

.07 

19 

270 

Door 

3x7 

21 

.47 

19 

188 

Window 

4x8 

32 

21 

672 

East  wall 

13.5x8 

108 

.15 

11 

178 

Infiltration 

2052 

1026 

.018 

14 

258 

1566 

DINING  ROOM 

East  wall 

13.5x8 

108 

.07 

19 

144 

North  wall 

11x8 

88 

.07 

19 

117 

Inf il tration 

1188 

198 

.018 

14 

50 

311 
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Figure  5-4  (continued) 

COOLING  WORKSHEET 
for  Example  Building 


r— 

BUILDING  SECTION 

SIZE 

.  NET 

Uor  UNIT 

DDT 

HEAT 

TOTALS 

OR 

AREA  OR 

HEAT 

GAIN 

VOLUME 

VOLUME 

GAIN 

KITCHEN,  BREAKFAST 

North  wall 

1848 

122 

.07 

19 

162 

Windows 

22 

27 

594 

Infiltration 

1584 

1584 

.918 

14 

399 

1155 

FAMILY  ROOM 

North  wall 

21.5x8 

136 

.07 

19 

180 

West  wall 

13x8 

104 

.20 

19 

395 

South  wall 

22x8 

176 

.52 

7 

640 

Patio  door 

6x6 

36 

21 

756 

Infiltration 

2288 

2288 

.018 

14 

577 

2548 

HALL 

West  wall 

17x8 

136 

.52 

7 

495 

Infiltration 

1088 

1088 

.018 

14 

274 

769 

CEILING 

Second  floor 

32x28 

896 

.04 

39 

1398 

Family  room 

13x22 

286 

.04 

39 

446 

1844 

No  load  is  calculated  for 
basement.  No  credit  for 
cool  basement  taken. 


TOTAL  12224 

4  occupants  x  225  "900 

Kitchen  Appliances  1200 

Total  Sensible  Heat  Gain  14324 

Latent  Heat  Gain  (30%xl4324)  4297 

Latent  +  Sensible  Heat  Gain  18621 

Cooling  Load,  Btu/hr  18621 
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Table  5-1.     Surface  Conductances  and  Resistances     ? 

for  Air  Films;  Conductance-Btu/(hr)(ft  )(   F) 
Resistance-(hr)(ft2)(°F)/Btu 


ITEMS 

WIN! 

rER 

SUMMER 

fi 

R. 
l 

f. 
i 

Ri 

INTERIOR  SURFACES 

Ceil ing 

1.63 

0.61 

1.08 

0.92* 

Sloped  ceiling  45 

1.60 

0.62 

1.32 

0.76* 

Walls  and  windows 

1.46 

0.68 

1.46 

0.68 

Floor 

1.08 

0.92 

1.08 

0.92 

EXTERIOR  SURFACES 

Roofs,  walls  and  windows 

6.00 

0.17+ 

4.00 

0.251" 

*         Heat  flow  direction  reversed  from  winter  conditions 
+         15  mph  wind 
t         7.5  mph  wind 


Table  5-2.  Res 
(hr 


i stance  Values  for  Air  Spaces 
)(ftZ)(°F)/Btu 


\ 

WIN1 

per 

SUMMER 

ITEM          \Air  Space 

3/4" 

4" 

3/4" 

4" 

Flat  Roof 
Wall 

1.02 
1.28 

1.12 
1.16 

0.87 
1.01 

0.94 
1.01 
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Table  5-3.  Resistance  Values  for  Building  Materials 
(hr)(ft2)(°F)/Btu 


TYPE  AND  MATERIAL 

R 

TYPE  AND  MATERIAL 



R 

BUILDING  BOARD 

SIDING 

Asbestos-cement: 

1/8" 

0.03 

Asbestos-cement 

0.21 

1/4" 

0.06 

Wood  shingles,  16" 

0.87 

Gypsum: 

3/8" 

0.32 

Wood  bevel ,1/2x8 

0.81 

1/2" 

0.45 

Wood  bevel  3/4  x  10 

1.05 

Plywood: 

1/4" 

0.31 

Wood  plywood,  3/8 

0.59 

3/8" 

0.47 

Aluminum  or  steel 

0.61 

1/2" 

0.62 

Insulating  Board: 

3/4" 

0.93 

3/8"  normal 

1.82 

Insulating  Board  \ 

>5/32" 

2.06 

3/8"  foiled 

2.96 

Regular 

1/2" 

1.32 

Laminated  Paper 

3/4" 

1.50 

FINISH  FLOORING 

Acoustic  Tile 

1/2" 

1.25 

3/4" 

1.89 

Carpet  and  fibrous  pad 

2.08 

Hardboard 

3/4" 

0.92 

Carpet  and  rubber  pad 

1.23 

Particle  Board 

5/8" 

0.82 

Cork  tile,  1/8" 

0.28 

Wood  Subfloor 

3/4" 

0.94 

Terrazzo,  1" 

Tile,  asphalt,  linoleum, 

0.08 

MASONRY 

vinyl ,  rubber 
Hardwood 

0.05 
0.08 

Concrete 

6" 

0.48 

8" 

0.64 

INSULATION 

10" 

0.80 

Concrete  Blocks, 

Blanket  and  Batt:  2-2 3/1" 

7.00 

3  oval  core 

3-3  1/2" 

11.00 

Sand  and  Gravel 

4" 

0.71 

5  1/4-6  1/2" 

19.00 

8" 

1.11 

Loose  Fill 

12" 

1.28 

Cellulose,  per  inch 

3.70 

Cinder 

4" 

1.11 

Sawdust,  per  inch 

2.22 

8" 

1.72 

Perlite,  per  inch 

2.70 

12" 

1.89 

Mineral  fibre 

Lightweight 

4" 

1.50 

(rock,  slag,  glass)  3" 

9.00 

8" 

2.00 

4  1/2" 

13.00 

12" 

2.27 

6  1/4" 

19.00 

Concrete  Blocks, 

7  1/2" 

24.00 

2  rect.  core 

Vermiculite,  per  inch 

2.20 

Sand  and  Gravel 

8" 

1.04 

Lightweight 

8" 

2.18 

ROOFING 

Common  Brick 

2" 

0.40 

4" 

0.80 

Asphalt 

0.44 

Face  Brick 

2" 

0.22 

Wood 

0.94 

4" 

0.44 

3/8"  Built-up 

0.33 

Woods:  oak,  maple  per  inch 

0.91 

BUILDING  PAPER 

fir,  pine,  softwoods 
per  inch 

1.25 

150  felt 

0.06 

3/4" 

0.94 

5-34 


Table  5-4.     U  Factors  for  Windows  and  Patio  Doors 
Btu/(hr)(ft2)(°F) 


, —   ■  ■  ■ — — — — — —  — — — — — — — — — — — — — — - ^_^__ 

DESCRIPTION 

1 

WINTER 

SINGLE  GLASS 

Metal  sash 

Wood  sash,  80%  glass 

1.13 
0.02 

DOUBLE  GLASS: 

1/4"  Air  Space 
Metal  sash 

Wood  sash,  80%  glass 
Wood  sash,  60%  glass 

0.65 
0.62 
0.55 

1/2"  Air  Space 
Metal  sash 
Wood  sash,  80%  glass 

0.70 
0.49 

TRIPLE  GLASS 

1/4"  Air  Space 
Metal  sash 
Wood  sash,  80%  glass 

0.56 
0.45 

STORM  WINDOWS 

1"  to  4"  Air  Space 
Wood 
Metal 

0.50 
0.56 

SLIDING  PATIO  DOORS 

Single  Glass 
Wood  frame 
Metal  frame 

1.07 
1.13 

Double  Glass,  1/2"  Air  Space 
Wood  frame 
Metal 

0.58 
0.64 

— 
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Table  5-5.  U  Factors  for  Solid  Doors 
Btu/(hr)(ft2)(°F) 


THICKNESS  (IN) 

WINTER 

SUMMER 
WITHOUT 
STORM  DOOR 

WITHOUT 
STORM  DOOR 

WITH  STORM 
DOOR,  50%  GLASS 

WOOD 

METAL 

1 

1  h 
1  h 
2 

0.64 
0.55 
0.49 
0.43 

.030 
0.28 
0.27 
0.24 

0.39 
0.34 
0.33 
0.29 

0.61 
0.53 
0.47 
0.42 

Table  5-6.  Air  Changes  for  Average  Residential  Conditions 


KIND  OF  ROOM 

AIR  CHANGE  PER  HOUR 

WINTER 

SUMMER 

Room  with  no  windows  or  exterior 
doors 

Rooms  with  windows  or  exterior 
doors  on  one  side 

Rooms  with  windows  or  exterior 
doors  on  two  sides 

Rooms  with  windows  or  exterior 
doors  on  three  sides 

Entrance  halls  and  air  locks 

1/3 

2/3 

1 

1  1/3 
1  1/2 

1/6 

1/2 

2/3 

1 
1 
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Table  5-7.  Design  Equivalent  Temperature  Differences  (  F) 


DESIGN  OUTDOOR  TEMPERATURE 

85 

95 

105 

TEMPERATURE  RANGE  DURING  DAY 

15-25 

15-25 

>25 

>25 

WALLS  AND  DOORS 

Wood  frame  and  doors 

14 

•  24 

19 

29 

Masonry 

6 

16 

11 

21 

CEILINGS  AND  ROOF 

Under  vented  attic, 

dark  roof 

3<P 

44 

39 

49 

Buil  t-up  roof  (no  ceil  ing) , 

light  roof 

26 

36 

31 

41 

FLOORS 

Over  unconditioned  rooms 

and  open  crawl  space 

5 

15 

10 

20 

Over  basement,  enclosed 

crawl  space 

0 

0 

0 

0 
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Table  5-8.  Design  Heat  Gains  Through  Windows 
Btu/(hr)(ft2) 


OUTDOOR  DESIGN  TEMPERATURE 

SINGLE  PANE 

DOUBLE  PANE 

85 

95 

105 

85 

95 

105 

NO  AWNINGS  OR  INSIDE  SHADING 

North 

23 

31 

38 

19 

24 

28 

Northeast;  Northwest 

56 

64 

71 

46 

51 

55 

East  and  West 

81 

89 

96 

68 

73 

11 

Southeast;  Southwest 

70 

78 

85 

59 

64 

68 

South 

40 

48 

55 

33 

38 

42 

WITH  DRAPERIES  OR  VEN.  BLINDS 

North 

15 

23 

30 

12 

17 

21 

Northeast;  Northwest 

32 

40 

47 

27 

32 

36 

East  and  West 

48 

56 

63 

42 

47 

51 

Southeast;  Southwest 

40 

48 

55 

35 

40 

44 

South 

23 

31 

38 

20 

25 

29 

ROLLER  SHADES,  HALF  DOWN 

North 

18 

26 

33 

15 

20 

24 

Northeast;  Northwest 

40 

48 

55 

38 

43 

47 

East  and  West 

61 

69 

76 

54 

59 

63 

Southeast;  Southwest 

52 

60 

67 

46 

51 

55 

South 

29 

37 

44 

26 

32 

36 

AWNINGS 

North 

20 

28 

35 

13 

18 

22 

Northeast;  Northwest 

21 

29 

36 

14 

19 

23 

East  and  West 

22 

30 

37 

14 

19 

23 

Southeast;  Southwest 

21 

29 

36 

14 

19 

23 

South 

21 

28 

35 

13 

18 

22 
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Table  5-9.  Shade  Line  Factors* 

(5  hour  average,  1  August) 


WINDOW  ORIENTATION 

LAT] 

TUDE 

25 

30 

35 

40 

45 

50 

East  and  West 

0.8 

0.8 

0.8 

0.8 

0.8 

0.8 

Southeast;  Southwest 

1.9 

1.6 

1.4 

1.3 

1.1 

1.0 

South 

10.1 

5.4 

3.6 

2.6 

2.0 

1.7 

*  Multiply  shade  line  factors  by  width  of  overhang  to  determine 
shadow  line  below  overhang. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

To  conduct  a  preliminary  design  study  of  a  solar  heating 
system. 

SUB-OBJECTIVES 


To  put  into  practice  the  preliminary  design  methods  presented 
during  previous  modules. 

PROBLEM  1 

We  wish  to  estimate  the  size  of  collector  array  that  should  be 
used  to  provide  approximately  75  percent  of  the  space  heating  and 
service  hot  water  loads  for  a  house  for  which  the  heat  load  has  been 
determined  to  be  17200  Btu/degree  day.  The  house  is  to  be  built  in 
your  location.  Use  the  Huck-Winn  method. 

PROBLEM  2 


Now  assume  that, through  conservation  measures, the  heat  load  is 
reduced  to  15000  Btu/DD.  Repeat  the  calculations. 

PROBLEM  3 

Repeat  Problem  1  using  the  Balcomb-Hedstrom  method. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  is  to  understand  and  utilize  detailed  performance 
estimation  techniques  for  the  determination  of  system  performance. 

SUB-OBJECTIVES 


At  the  end  of  this  module  the  trainee  should  be  able  to  describe, 
explain,  and  utilize  the  Duffie-Beckman-Klein  F-Chart  procedure  for  the 
design  of  solar  heating  systems. 

The  simplified  design  techniques  presented  in  Module  4  are  not 
usually  adequate  for  final  design  purposes  because  the  collector 
performance  is  not  adequately  accounted  for  in  those  procedures.  In  this 
module,  consideration  is  given  to  the  design  parameters  of  the  collector 
itself  in  determining  system  performance,  and  is  devoted  primarily  to  the 
selection  of  the  collector  array.  The  methods  presented  in  Module  16 
for  the  selection  of  other  components,  such  as  pumps,  heat  exchangers, 
etc.,  are  valid  for  final  design  purposes. 

THE  DUFFIE-BECKMAN-KLEIN  PROCEDURE 

This  material  is  based  upon  the  work  presented  in  Reference  1. 
In  that  paper,  a  general  design  procedure  for  solar  heating  systems 
was  developed  based  upon  information  obtained  from  many  simulations  of 
solar  heating  systems  utilizing  a  detailed  simulation  program.  The 
result  was  a  simple  graphical  method  using  monthly  average  meteorological 
data  which  rrny  be  used  for  the  design  of  solar  heating  systems. 
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THE  APPROACH 

The  approach  taken  in  Reference  1  was  to  use  a  simulation  program 
to  develop  a  generalized  performance  chart.  This  generalized  performance 
chart  correlates  long-term  performance  of  solar  heating  systems  with 
system  design  parameters,  building  construction,  and  weather.  This 
chart  may  then  be  combined  with  cost  figures  to  provide  a  method  by 
which  architects  and  heating  engineers  can  determine  the  economic 
optimal  design  of  residential  space  and  water  heating  systems. 

The  water  system  considered  is  shown  in  Figure  7-1.  This  analysis 
is  applicable  to  systems  using  liquid  as  the  transport  medium  and  for 
storage.  The  mathematical  models  for  the  system  components  that  were 
used  in  the  simulation  studies  are  presented  below. 

COLLECTOR  MODEL 

The  method  of  Hottel  and  Whillier  (Ref.  5)  was  used  to  model 
the  collector.  The  equation  for  the  useful  energy  collected  is 


Qu  =  FR  A  [HT  •  7ET-  UL  (T.-TJ]  =  (m  Cp)c  (TQ-T.) 


(7-1) 


where 


FR  = 


(m  Cp)( 
A  U, 


1  -  exp 


F'UL  A 
(m  CpT 


(7-2) 


The  terms  in  this  equation  are  defined  below: 
F1       =  collector  efficiency  factor 
A        =  col  lector  area 


H- 


=  radiation  on  the  collector 
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tcx  =  product  of  cover  transmi ttance  and  collector  plate 

absorptance 

U,  =  collector  loss  coefficient 

T.  =  collector  inlet  temperature 

T  =  ambient  temperature 

(m  Cp)  =  collector  fluid  capacitance  rate 

T  =  collector  outlet  temperature 


STORAGE  MODEL 


The  heat  balance  equation  for  the  storage  system  is 


Cs     TI    ■     %  -   <VEL>   "   <VEw>  <7"3> 


where 

C       =  heat  capacity  of  storage 

T        =  storage  temperature 

Q.       =  space  heating  load 

E.       =  auxiliary  energy  required  to  meet  the  space  heating 

load 

Q        =  service  hot  water  heating  load 
Mw  a 

E        =  auxiliary  energy  required  to  meet  the  service  hot 

water  load 
Qn       =  energy  transferred  to  storage  tank 
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HEAT  EXCHANGER  MODEL 

The  thermal  performance  of  the  heat  exchanger  was  modeled  according 
to  the  equation 


V  =  ec  <*  CP>min  <W  "  <*  CP's  'W 


(7-4) 


where     T  =  temperature  of  water  in  storage 
(if)  Cp)min  =  min  [(rti  Cp)  ,  (m  Cp)  ] 


T  and  T,  are  the  temperatures  at  the  outlets  of  the  heat  exchanger 
as  indicated  on  Figure  7-1.  Thermal  losses  in  the  piping  were  disregarded 
in  the  analysis.  This  is  valid  if  pipes  are  well  insulated  and  not 
excessively  long. 

The  equations  for  the  heat  exchanger  and  collector  were  combined 
to  give 


Qu  =  F'R  A[HTW-UL  (Ts-Ta)] 


where 


V  "  FR 


1  + 


yL-A 

.(iti  Cp) 


(m  Cp) 


e (m  Cp) 
1  c  v   K/min 


-1 


(7-5) 


(7-6) 


The  term,  F'/FD  is  considered  to  be  a  "heat  exchanger  factor".  Its 

K   K 

value  lies  between  0  and  1  and  represents  a  penalty  paid  for  the  use 
of  the  heat  exchanger. 

The  term  in  the  storage  model  ,  Cu,  was  then  expressed  in  terms 
of  the  above  relations  according  to 

FR'   A[HTxa-   UL   (Ts-Ta)].   T,   iTBx 


(7-7) 


«*  CP»s   <Tmax 


Ts).    T,       T, 


1        max 


where  T         is  212  °f. 

Ilia  a 
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LOAD  MODEL 

The  house  heating  load  was  modeled  as 


QL  =  UA  (TR  -  Ta)  (7-8) 


where  TR  is  the  room  temperature  and  UA  is  the  space  heating  load 
at  design  conditions  divided  by  the  design  temperature  difference 
The  service  water  heating  load  was  modeled  by 


Q  =  (m  Cp)  ,  (T  -  T  )  (7-9) 

xw      K  w  x  w    nr  v   ' 


where  T  represented  the  minimum  acceptable  hot  water  temperature  and 
T  represented  the  temperature  from  the  cold  water  supply  lines. 


AUXILIARY  ENERGY 


The  auxiliary  energy  was  modeled  in  two  parts.  The  first 
represented  the  amount  of  energy  required  for  service  hot  water,  E  , 
while  the  second  represented  the  amount  required  for  space  heating, 
E.  .  These  were  modeled  according  to 


and 


E  =  Cm  Cp)   (T  -  T  )  (7-10) 

w      v   w   w    s 


EL  ■     Ml  -  Qmax   "   <UA»s   <Ts   "  V3  <7-"> 


where 


Q         =  e.C    .      (T     -  TJ/UA.  (7-12) 

vmax         L  mm   x   s         RJ 
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The  term  C  .  represents  the  minimum  of  the  two  fluid  flow  capacitances 
mi  n 

through  the  load  heat  exchanger  and  is  usually  that  of  air.  The  term 

e, C  .  /UA  provides  a  measure  for  sizing  the  load  heat  exchanger. 
L  mm'   K 


SENSITIVITY  ANALYSIS 

The  development  of  the  general  design  procedure  for  solar 
heating  systems  began  with  an  extensive  study  of  the  effects  of  various 
design  parameters  on  the  long-term  system  performance.  The  sensitivity 
study  indicated  three  parameters  upon  which  the  performance  was  highly 
sensitive  whereas  additional  system  parameters  had  negligible  effect  on 
performance  relative  to  these  three  highly  sensitive  parameters.  These 
parameters  are  summarized  as  follows: 


COLLECTOR  FLUID  CAPACITANCE  RATE 

The  product  of  the  mass  flow  rate  and  the  specific  heat  of  the 
transport  medium  through  the  collector  strongly  affects  the  heating 
system  performance.  Duffie  and  Beckman  (Ref.  2)  have  shown  that  the 
optimal  collector  fluid  capacitance  rate  is  infinitely  large.  However, 
the  dependence  of  system  performance  on  the  collector  capacity  rate  is 
asymptotic  and  only  a  small  gain  in  energy  collection  rate  is  realized 
if  the  collector  fluid  capacitance  rate  per  unit  area  is  increased  when 
the  collector  flow  factor  (defined  below)  exceeds  10. 


F'  =  F  VF 
W    R 


(m  Cp) 
UL  A  F 


1  -  exp 


-ULF'A 
(m  Cp) 


(7-13) 


Low  collector  fluid  capacitance  rates,   that  is,   rates  for  which  F' 
is  less  than  5,  also  result  in  reductions  of  energy  collection;   the 
nominal   value  for  collector  fluid  capacitance  rate  was  selected  as 
210  kJ  hr"loC"V2(  10.28  Btu-hr"1  V1   Ft"2)   for  the  study. 
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STORAGE  CAPACITY 

In  an  economic  study  of  solar  heating  systems,  Lof  and  Tybout  (Ref.  3) 
concluded  that  the  storage  tank  capacity  that  resulted  in  minimum  cost 
solar  heating  was  in  the  range  of  200  to  300  kJ/  C  (50-75  kg  of  stored 
water)  per  square  meter  of  collector  area.  That  is  the  equivalent  of 
1.25  to  1.84  gallons  of  water  per  square  foot  of  collector  area.  They 
also  indicated  that  the  performance  of  solar  heating  systems  is  rather 
insensitive  to  the  amount  of  storage  capacity  within  this  general  range. 
These  results  are  valid  so  long  as  one  is  not  considering  seasonal 
storage,  that  is,  storing  summer  heat  for  use  in  the  winter.  Results 

from  simulations  for  several  different  storage  capacities  are  in  general 

ii 

agreement  with  the  Lof  and  Tybout  study  and  are  shown  in  Figure  7-2. 

Consequently,  a  storage  capacity  of  80  kg  water/sq.  meter  (2  gallons 
water/sq.  ft.)  was  used  in  the  study  to  develop  the  generalized  per- 
formance curves. 

LOAD  HEAT  EXCHANGER  SIZE 

A  dimensionless  parameter  (e.  C  •  /UA),  where  e.  is  the  effectiveness 
of  the  space  heating  load  heat  exchanger,  C  .   is  the  minimum  capacitance 
rate  in  the  load  heat  exchanger,  and  UA  represents  a  constant  character- 
izing space  heating  load,  was  found  to  provide  a  measure  of  the  size  of 
heat  exchanger  needed  in  order  to  supply  heat  to  a  specified  building. 
Figure  7-3  indicates  how  the  performance  of  a  space  heating  system  is 
related  to  this  parameter.   For  values  of  this  parameter  less  than  1, 
the  reduction  in  system  performance  due  to  having  a  heat  exchanger 
that  is  too  small  will  be  appreciable.  Values  for  this  parameter  between. 
1  and  3  should  be  used  for  optimal  performance.  Consequently,  the 
generalized  performance  charts  were  developed  utilizing  a  value  of  this 
parameter  equal  to  2. 


7-9 


O 


O)  00 

6  6 

2_w(OzH)6>1QZ  =  V/IAI   dl   QBIlddnS  NOIlOVdd 


6 


cu 
<j 

c 

CD 

it- 
aj 
a; 

E 
o 
i- 
<+- 


cxi 


QJ 


dVlOS    A9   Q3HddnS  NOIlOVdd  QVOl 


7-10 


Ql 

< 

_J 

9 

o 

t 

CO 

>- 

c 

CQ 

O 
UJ 

E 
O 

_i 

< 

3 

_! 

a. 

u_ 

Q. 

— 

ID 

Q 

CO 

UJ 

7* 

_J 

o 

Q. 

a. 

1- 

Z> 

o 

CO 

< 

nr. 

z 

LL 

o 

H 

cj 

o 

< 

< 

o 

c 

c 

.0 


0.9 


0.8 


^      0.7 


0.6 


l 1 — I    Mill 


i^mrnmrnmrnmr- 


0.5 
0.1 


J l     I    I   I  I  I 


J I I    l  l 


0.5         1.0 
UA 


5.0       10.0 


Figure  7-3.      (from  Reference  1) 
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CORRELATION  OF  SYSTEM  PERFORMANCE 

The  correlation  of  f,  the  fraction  of  the  monthly  load  supplied  by  solar, 
to  various  system  parameters  was  investigated  by  making  more  than  300 
simulation  studies,  each  of  which  estimated  month  by  month  system 
performance  by  performing  calculations  at  half-hour  intervals  using 
meteorological  data  for  an  average  year  for  Madison,  Wisconsin. 
The  results  of  these  studies  are  shown  graphically  in  Figure  7-4. 
This  chart  may  be  used  to  estimate  the  performance  of  a  solar  heating 
system,  month  by  month,  as  a  function  of  the  system  design  and  local 
weather  conditions. 

Although  the  f  curves  shown  in  Figure  7-4  were  developed  using 
simulation  results  for  Madison,  Wisconsin,  cl imatological  data  studies 
have  indicated  that  the  performance  chart  can  be  applied  for  other 
locations  with  satisfactory  results. 


APPLICATION  OF  THE  PERFORMANCE  CHART 
TO  A  SYSTEM  DESIGN 


The  application  of  the  performance  chart  on  Figure  7-4  will 
be  illustrated  in  this  section  by  considering  the  design  of  a 
residential-type  structure  in  Indianapolis,  Indiana.  Suppose  that 
the  design  heat  load  is  found  to  be  61,000  Btu/hr  at  an  ambient 
temperature  of  4  F.  This  results  in  a  24,000  Btu/degree-day  house. 
The  monthly  and  annual  heating  loads  may  be  determined  by  referring  to 
Table  4-5  to  obtain  an  estimate  of  the  degree-days/month  as  well  as  the 
annual  degree  days  for  Indianapolis,  Indiana.  Suppose  that  the  service 
water  heating  load  is  estimated  to  be  80  gallons  per  day  to  be  raised 
from  52  F  to  140  F,  and  this  does  not  change  throughout  the  year. 
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Flat-plate  collectors  are  to  be  used. and  the  design  characteristics 
of  these  col  lectors,  as  determined  from  a  collector  performance  curve, are 


FR  UL  =  0.86  BTU/hr-Ft2   -  °F 


FR  xa 


0.72 


'3. 


■  -,- 
J 


Also  suppose  that  the  other  required  system  parameters  are 


Cm  Cp)c/A 
(m  Cp)s/A 


e  =  0.70. 
c 


10.28  BTU/hr-Ft2  -  °F 
12.05  BTU/hr-Ft2  -  °F 


4 1 
> 


Then 


Fr'/FR 


1  +  (0186  j  (  J_ 

1  l10.28j  [    .7 


0.965 


Therefore 


and 


FR'  UL  =  0.83 


FR'   xa  =  0.69 


The  collectors  are  to  be  mounted  facing  due  south  at  a  slope 


equal  to  the  latitude.  The  ratio  of  the  storage  tank  to  the  collector 
area  is  to  be  80  kg  water/sq.  meter  of  collector  (1.64  lb/Ft  ). 

The  calculations  are   shown  in  Tables  7-l(a),  and  7-1 ( b) .  The 
values  for  H  and  KT  were  obtained  from  Table  3-1.  The  values  for  R 
were  obtained  from  Figure  3-26.  HT  is  obtained  from  R*H.  The  degree 
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Figure  7-4.     f-Chart  for  Liquid-Based  Solar  Heating  Systems 


NOMENCLATURE 


A 

f 

FR 
FR 


L 
S 


ref 

UL 
fit 


(TS) 


.Zi 


col  lector  area  [m  ] 

fraction  of  the  total  heating  load  supplied  by  solar  energy  each  month 

collector  efficiency  factor 

a  modified  collector  efficiency  factor  which  accounts  for  the  penalty  1n  energy  collection  imposed 
by  the  use  of  a  double-loop  flow  circuit 


FR 


1 


1  +  {mC'T  hn£   ) ,   c   ' 
v  p'c  *  p'mm  c 


-2, 


total  space  and  water  heating  loads  for  each  calendar  month  [kJ] 

collector  fluid  capacitance  rate  [kJ  hr"  C"  ] 

minimum  fluid  capacitance  rate  through  the  collector  tank  heat  exchanger  [kJ  hr   C  ]' 

total  radiation  per  unit  area  incident  upon  the  collector  during  each  calendar  month  [kJ  m  '] 

reference  temperature  [100  C] 

-1  -1   -2 
collector  overall  energy  less  coefficient  [kJ  hr   C   m  ] 

number  of  hours  1n  each  calendar  month  [hr] 

effectiveness  of  the  collector-storage  tank  heat  exchanger 

average  product  of  the  cover  transml ttance  and  the  collector  plate  absorptance 
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TABLE  7-l(a).  Load  and  Meteorological  Data 


MONTH 


H 
Btu/FT2 


T 

Btu/Ft: 


DD 


(TREF"V 


H 
Btu  • 
10"6 


L 

Btu  •  S 

10"6  Btu/Ft2 


JAN 

526 

.380 

1.58 

831 

1113 

29 

183 

FEB 

797 

.424' 

1.47 

1172 

949 

31 

181 

MAR 

1184 

.472 

1.23 

1456 

809 

39 

173 

APR 

1481 

.470 

1.04 

1540 

432 

51 

161 

MAY 

1828 

.511 

0.93 

1700 

177 

59 

153 

JUN 

2042 

.543 

0.88 

1797 

39 

64 

148 

JUL 

2040 

.554 

0.90 

1836 

0 

65 

147 

AUG 

1836 

.552 

0.99 

1814 

0 

65 

147 

SEP 

1513 

.549 

1.16 

1755 

90 

62 

150 

OCT 

1094 

.520 

1.42 

1553 

316 

55 

157 

NOV 

662 

.413 

1.54 

1019 

723 

41 

171 

DEC 

491 

.391 

1.85 

908 

1051 

31 

181 

26.71  28.45  25761 

22.78  24.52  32816 

19.42  21.16  45136 

10.37  12.11  46200 

4.25  5.99  52700 

0.94  2.68  53910 

0  1.74  56916 

0  1.74  56234 

2.16  3.90  52650 

7.58  9.32  48143 

17.35  19.09  30570 

25.22  26.96  28148 


157.66 


TABLE  7-l(b).  Fraction  of  Load  Supplied  by  Solar 


fr'ul(tref-V 

At/L  FT"2- 

10"3 

FR'ta  S/L 
FT"2 -10"" 

X  and  Y  Values 

f-Fraction  of 
Load  Supplied 
by  Solar 

MONTH 

500Ft2 

750Ft2 

lOOOFt2 

500 

750 

1000 

X 

Y 

X 

Y 

X 

Y 

JAN 

3.97 

FEB 

4.12 

MAR 

5.05 

APR 

7.94 

MAY 

15.77 

JUN 

33.00 

JUL 

52.17 

AUG 

52.17 

SEP 

22.99 

OCT 

10.40 

NOV 

5.35 

OEC 

4.15 

6.25  1.985   .3125  2.98  .47  3.97  .63  .18  .30  .35 

9.23  2.06    .46  3.09  .69  4.12  .92  .35  .47  .58 

14.72  2.53    .74  3.79  1.10  5.05  1.47  .54  .67  .85 

26.32  3.97   1.32  5.96  1.97  7.94  2.63  .78  .95  1.00 

60.71  7.89       3.04  11.83  4.55  15.77  6.07  1.00  1.00  1.00 

138.80  16.50       6.94  24.75  10.41  33.00  13.88  1.00  1.00  1.00 

225.70  26.08  11.29  39.12  16.92  52.17  22.57  1.00  1.00  1.00 

223.00  26.08  11.15  39.12  16.72  22.98  22.30  1.00  1.00  1.00 

93.15  11.49       4.66  17.24  6.99  10.40  9.32  1.00  1.00  1.00 

35.64  5.20       1.78  7.80  2.67  5.35  3.56  .92  1.00  1.00 

11.05  2.68         .55  4.01  .83  4.15  1.11  .33  .50  .60 

7.20  2.08         .36  3.11  .54  .72  .20  .32  .39 


YEARLY  FRACTION  .45  .57  .64 


YEARLY  FRACTION 


t  MONTHLY  LOADS  BY  SOLAR 
i   MONTHLY  LOADS 
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days  were  determined  from  Table  4-5.  The  average  ambient  temperatures 
were  determined  from  knowing  the  degree  days  per  month  and  applying 
the  equation 


T  =  65  -  DD/n 
a 


(7-14) 


where  n  is  equal  to  the  number  of  days  in  the  month.  The  heating  load, 
Lns  is  obtained  from  the  product  of  the  degree  days  and  the  design 
heating  load  for  the  house. 

A  service  hot  water  load  was  included  in  the  analysis.   It  was  assumed 
that  the  service  hot  water  load  would  require  80  gallons  per  day  to  be 
raised  from  52  F  to  140  F.   It  was  assumed  that  this  load  was  constant 
throughout  the  year.  Thus, 


"■SHU  '  (80  &  )  (8.25  1*  )  (jBtH.  )  (140-52)°F  (30  days) 


day 


gal 


lb-OF 


=  1,742,400  BTU/month 


This  value  was  added  to  the  heating  load  to  obtain  the  total  load,  L,  for 
each  month. 

The  value  for  the  total  radiation  on  each  square  foot  of  the 
collector  for  each  month,  S,  is  obtained  from  the  product  of  f-L  and  the 
number  of  days  in  each  month. 

The  abscissa  and  ordinate  (X  and  Y)  values  for  the  f-chart, 

2 
Figure  7-4,  were  calculated  for  collectors  of  500,  750,  and  1000  Ft 

using  the  values  calculated  from  above.  The  fraction  of  the  load,  f,  supplied 

by  solar  for  each  month  was  determined  from  Figure  7-4  using  the 
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calculated  values  for  X  and  Y.      The  figures  shown  on  the  bottom  row 
of  the  f-column  on  Table  7-l(b)   represent  the  fraction  of  the 
annual    load  supplied  by  solar  for  each  size  of  collector  array  considered. 

The  f-chart   curves  were  developed  using  nominal    values  for  storage 
capacity,  collector-to-storage  heat  exchanger  performance,  and  load 
heat  exchanger  performance.     The  corrections  that  should  be  made  to  X 
and  Y  for  systems   that  vary  from  the  nominal   values     used  in  the  develop- 
ment of  the  curves  are  given   in  Figures  7-5  through  7-7.      Figure  7-5  may 
be  used  to  determine  the  correction  to  X  for  variations   in  the  storage 
size  from  the  nominal    value  of  2  gallons  of  water  per  square  foot  of 
collector.      Figure  7-6  may  be  used  to  determine  the  correction  to  Y  for 
variations   in   the  load  heat  exchanger  factor  from  the  nominal    value  of  2. 
Figure  7-7  may  be  used  to  determine  the  value  of  F'/FR  in  terms  of 
the  collector  heat  exchanger  factor. 

A  similar  study  was  conducted  for  an  air  heating  system  shown  in 

Figure  7-8.     The   resulting   f-chart   is  shown   in   Figure  7-9.     The  axes   are 

similar  to  Figure  7-4,  except  there  is  no  heat  exchanger  from  collectors 

to  storage  and  e     is   taken  to  be  1.0.     The  correction  factors  are  shown 
3  c 

in  Figures   7-5  and  7-10.     Figure  7-5  may  be  used  to  determine  the  correction 
to  X  that  should  be  applied  to  systems  having  storage  sizes   that  differ 
from  the  nominal    value  of  0.75  cubic  feet  of  rocks  per  square  foot  of 
collector.     Figure  7-10  may  be  used  to  determine  the  correction  to  X  that 
should   be  applied   to  systems   having  collector  air  flow  rates   that  vary 
from  the  nominal    value  of  two  standard  cubic  feet  per  minute   (SCFM) 
per  square  foot  of  collector. 

For  either  air  or  water  system,  the  values  for  FR  xa     and  FRU.      may  be 
obtained  in  the  manner  illustrated  by  Figure  7-11  if  test  data  for  a 
given  collector  are  available.     All    that  is  necessary  is  to  plot  a  straight 
line  through   the  data  and  read   FR  ra  from  the  y-intercept.     The  value  for 
FRU.    is  determined  by  the  slope  of  the  straight  line. 
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GALLONS  OF  WATER/SQ.   FT.   COLLECTOR  (LIQUID  BASED  SYSTEMS) 

Figure  7-5.  Storage  Size  Correction  Factor 
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Figure  7-6.  Load  Heat  Exchanger  Correction  Factor 
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Figure  7-7.  Collector  Heat  Exchanger  Correction  Factor 
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Figure  7-10.  Collector  Air  Flow  Rate  Correction  Factor 
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Figure  7-11.     Experimental   Collector  Performance 
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AUTOMATED  USE  OF  THE  PERFORMANCE  CHARTS 

The  calculations  required  for  use  of  the  performance  charts  are 
tedious;  the  efficiency  of  the  calculation  process  can  be  improved 
significantly  by  automating  the  calculations.  By  means  of  standard 
curve-fitting  programs  the  following  relationships  have  been  obtained 
for  the  f-charts  for  water  and  air  systems,  respectively  (Ref.  4). 


f  =  1.029Y  -  0.065X  -  0.245Y2  +  0.0018X2  +  0.0215Y3       (7-15) 
w 


f  =  1.04Y  -  0.065X  -  0.159Y2  +  0.00187X2  -  0.0095Y3 

d 


(7-16) 


These  equations  may  be  used  instead  of  the  f-charts  to  obtain  appropriate 
values  for  f. 

A  similar  equation  has  been  developed  for  potable  hot  water  systems 
having  the  configurations  shown  in  Figures  7-1 2(a)  and  7-12(b).  The 
air  or  water  equations  may  be  used,  but  a  correction  to  X  must  be 
made.  The  correction  is  given  as 


Service  Hot  Water  Only: 

AF  'U,At  111. 6  +  1.18  T  +  3.86  T  -  2.32 


R  WL 


A 


•SHW 


T    is  hot  outlet  temperature  typically  140  F 

T    is  cold  inlet  temperature  typically  50  F 

Ta   is  the  average  outdoor  air  temperature 

'"SHW  1s  service  not  water  load 
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Figure  7-12(a).  Air  System  Schematic  for  Service  Hot  Water 
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Figure  7-12(b).     Water  System  Schematic  for  Service  Hot  Water 
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The  complete  procedure  has  been  automated  on  the  SR-52,  HP-65, 
and  HP-67  programmable  hand-held  (Ref.  5,  6,  7)  calculators.   In 
addition,  the  procedure  has  also  been  programmed  for  a  small  digital 
computer.  A  sample  output  from  the  digital  computer  program  is  shown 
in  Figure  7-13.  This  program,  and  similar  programs,  will  be  used 
during  the  design  sessions  of  Modules  18  and  20. 

INTERACTIVE  PROGRAM 

An  interactive  version  of  the  design  chart  procedure  that  was 
discussed  in  the  previous  section  has  been  developed  at  the  University 
of  Wisconsin.  The  program  contains  cl imatological  and  solar  data 
for  112  locations  in  the  United  States  and  Canada.  The  program  determines 
the  performance  of  a  solar  system  in  any  of  these  locations.  The 
percentage  of  the  load  that  will  be  supplied  by  solar  for  each  month  is 
determined.  The  user  supplies  the  collector  parameters  necessary  for  the 
program;  these  are  FR'  (to)  and  FR '  U.  .  The  collector  is  modeled 
according  to  the  equations  presented  in  the  earlier  section.  The  user 
also  specifies  the  slope  and  area  of  the  collector  array. 

The  building  heating  load  is  determined  according  to  UA  AT  calculation 
or  is  specified,  in  monthly  values,  by  the  user.   If  the  load  is  to 
be  calculated, the  user  must  provide  a  UA  value  in  kJ/hr-  C  for  the 
building.  A  service  hot  water  load  may  also  be  included.  The  user 
must  specify  the  amount  of  service  hot  water  (kg/day),  the  water  set 
temperature  (  C),  and  the  water  main  temperature  (  C).   Internal  heat 
generation  from  lights,  people,  etc.,  may  also  be  specified  in  kJ/day. 
These  factors  are  used  in  the  program  to  determine  the  total  load. 
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CODE 


TABLE  7-2 
SAMPLE  OUTPUT  FROM  INTERACTIVE  DESIGN  PROGRAM 

VALUE 


UNITS 


1  FRPRIME  --TAU--ALPHA  PRODUCT 

2  FRPRIME  --UL  PRODUCT 

3  BUILDING  UA 

4  HOT  WATER  LOAD 

5  WATER  SET  TEMPERATURE 

6  WATER  MAIN  TEMPERATURE 

7  COLLECTOR  SLOPE 

8  CITY  ABBREVIATION 

9  COLLECTOR  AREA 

10  CONSTANT  DAILY  BiDG  HEAT  GENERATION 

11  AIR  SYSTEM  =  1,  WATER  SYSTEM  =  2 

12  PRINT  OUT  BY  MONTH  =  1,  YEARLY  =  2 
TYPE  YES  IF  YOU  WISH  TO  CHANGE  VALUE(S)  IN  LIST  OF  SYSTEM  PARAMETERS 
TYPE  CHANGE  IF  YOU  WISH  TO  CHANGE  MONTHLY  LOADS  OR  VALUES  OF  REFLECTIVITY 
OTHERWISE  TYPE  READY  OR  STOP 

READY 

DO  YOU  WISH  TO  HAVE  YOUR  VALUES  RELISTED  YES=1,  N0=2 

2 

INDIANAPO  IN  39.44 


.695 

16.900 

KJ/hr-C-M2 

1898.000 

KJ/hr-C 

300.000 

KG/ day 

60.000 

C 

11.000 

C 

40.000 

DEGREES 

IND 

69.750 

M2=750  Ft2 

0.000 

KJ/day 

2.000 

1.000 

TIME 

PERCENT 
SOLAR 

INCIDENT 
SOLAR  (MJ) 

HEATING 
LOAD  (MJ) 

WATER 
LOAD  (MJ) 

DEGREE 
DAYS(C-day) 

AMBIEN 
TEMP. 

JAN 

27.6 

21.54 

28.17 

1.91 

618. 

-2. 

FEB 

40.1 

24.66 

24.02 

1.72 

527. 

-0. 

MAR 

62.1 

33.91 

20.47 

1.91 

449. 

4. 

APR 

88.8 

34.79 

10.93 

1.85 

240. 

10. 

MAY 

100.0 

39.89 

4.48 

1.91 

98. 

15. 

JUN 

100.0 

40.64 

.99 

1.85 

22. 

18. 

JUL 

100.0 

42.64 

0.00 

1.91 

0. 

18. 

AUG 

100.0 

41.49 

0.00 

1.91 

0. 

18. 

SEP 

100.0 

39.09 

2.28 

1.85 

50. 

17. 

OCT 

99.6 

37.03 

8.00 

1.91 

176. 

13. 

NOV 

46.1 

23.67 

18.30 

1.85 

402. 

5. 

DEC 

25.3 

19.58 

26.60 

1.91 

584. 

-1. 

YEAR 

52.4 

398.93 

144.22 

22.48 

3166. 
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Finally,  the  user  specifies  whether  the  system  being  considered  is  an  air 
or  water  system  and  whether  the  printout  is  to  show  monthly  or  yearly  results. 
A  sample  output  from  this  program  with  monthly  results  is  shown  in  Table  7-2. 

Economic  considerations  are  also  included  in  tne  program.  The 
user  has  the  option  of  having  the  program  determine  the  optimal  collector 
size.  The  optimum  is  determined  on  the  basis  of  minimizing  life-cycle 
costs. 

SAMPLE  DESIGN  CURVES 

The  interactive  program  that  was  discussed  in  the  previous 
section  has  been  used  to  develop  several  design  curves  that  may  be  used 
for  collector  sizing  when  using  two  specific  collectors,  one  for  air 
(SOLARON)  and  the  other  for  water  (PPG).  These  curves  are  shown 
in  Figures  7-14  through  7-53.  They  were  developed  for  the  air  and 
water  systems  in  the  ten  locations  indicated  and  tilt  angles  equal  to  the 
latitude  and  the  latitude  plus  15  degrees.  They  provide  the  annual 
fraction  of  load  supplied  by  solar  as  a  function  of  the  house  design 
heat  load.  For  example,  suppose  we  have  a  15,000  Btu/DD  house  to  be 
located  in  Boulder,  Colorado.  We  see  immediately  from  Figures  7-14 
and  7-24  that  a  500  Ft2  SOLARON  collector  would  provide  between  70 
and  75  percent  of  the  annual  heating  load. 

The  detailed  design  methods  presented  in  this  module  may  be  used 
to  construct  detailed  design  curves  for  any  given  collector  type  in  an> 
desired  location.  These  curves  may  then  be  used  in  combination 
with  an  economic  analysis  to  determine  the  final  system  design. 
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THE  INTERACTIVE  F-CHART  PROGRAM 

The  interactive  version  of  the  f-chart  program  may  be  purchased 
from  the  University  of  Wisconsin  -  Madison  by  contacting  Professor 
Beckman  or  Duffie  at  the  Solar  Energy  Laboratory .  We  will  illustrate 
its  use  and  make  it  available  during  some  of  the  computation  sessions 
The  descriptions  of  variables  and  a  program  worksheet  are  given  as 
follows: 
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Variable  Description 

1.  Air  System  =  1,  Liquid  System  =  2 

The  f-chart  program  can  predict  the  performance  of  two  types  of  solar 
domestic  water  and  space  heating  systems.  These  "standard"  systems  use 
either  air  or  a  liquid  as  the  transfer  fluid  and  are  illustrated  in  Figures  7-1 
and  7-8.  Solar  air  or  liquid-based  systems  which  heat  domestic  water  ex- 
clusively can  be  modeled  simply  by  inputting  a  space  heating  load  of  zero. 
For  space  heating  only  systems,  input  a  water  usage  rate  of  zero. 

2.  Collector  Area 


The  area  of  flat-plate  collectors   in  your  solar  heating  system. 


3 


FR(xa)N 


If  flat-plate  collector  experimental  performance  data  are  plotted  as 
collector  efficiency  (n)  vs  (T-jn-Ta(nh)/s> a  straight  line  can  usually  be 
fitted  to  the  data  points.  Assuming  that  the  data  were  taken  with  a  specified 
fluid  capacitance  rate  (liquid  collector  210  KJ/hr-°C-m2,  air  collector  45 
KJ/hr-°C-m^)  and  with  all  solar  radiation  at  normal  incidence  to  the  plane 
of  the  collector,  the  intercept  of  the  straight  line  with  the  n-axis  is 
Fd(tcc)n.  Fr  is  the  collector  heat  removal  factor,  (xa)^  is  the  trans- 
mittance-absorptance  product  of  the  collector  cover  system  at  normal 
incidence. 

FR  is  a  corrected  FR  which  in  liquid-based  systems  accounts  for  the 
effect  of  the  collector-to-storage  heat  exchanger.   In  air  systems,  FR  =  FR 
since  there  is  no  heat  exchanger.  FR/FR  can  be  calculated  as  follows: 


FR/FR  - 


1  + 


FRULA 


(mC  ) 
v  P  c 

e  (mC  ) 


-  1 


p  mm 


-1 


FR(xa)N  =  FR(xa)N  x  FR/FR 

For  nomenclature  definitions, see  "A  Design  Procedure  for  Solar  Heating 
Systems"  by  S.A.  Klein,  W.A.  Beckman  and  J. A.  Duffie  (Ref.  1). 


4-  FRUL 

FRUL  is  the  slope  of  the  straight  line  n  vs  (T  -  n~TamK )/S  plot,  if  the 
plot  is  obtained  as  described  above. 


FRUL  "  FRUL  *  FR/FR 
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5.  Number  of  Transparent  Covers 

This  refers  to  the  number  of  glazings  over  the  collector.  The  pro- 
gram assumes  each  cover  is  glass  with  an  extinction  coefficient-thickness 
product  of  .037.  This  information  is  used  to  calculate  angle  of  incidence 
effects  on  the  transmittance  of  glass. 

6.  Collector  Slope 

The  angle  between  the  plane  of  the  collectors  and  horizontal. 

7.  Azimuth  Angle 

The  angle  between  the  horizontal  projection  of  a  ray  normal  to  the 
plane  of  the  collector,  and  due  south.  West  is  positive,  east  is  negative. 

8.  Storage  Capacity 

The  energy  storage  capacity  of  the  storage  unit  in  your  solar 
system. 

9.  Effective  Building  UA 

UA  is  calculated  as  the  effective  design  space-heating  load  divided 
by  the  design  temperature  difference  (indoor  minus  ambient).  The  effective 
design  space-heating  load  should  include  infiltration  and  ventilation  loads 

but  should  not  take  credit  for  heat  generation  within  the  space.  The  monthly 
space-heating  load  is  then 

LOAD  =  UA(deg-days/month) (hours/day) 

10.  Constant  Daily  Building  Heat  Generation 

The  user  may  take  credit  for  heat  generation  within  the  space  by 
typing  in  a  daily  generation  rate  here  rather  than  including  it  in  the 
building  UA.  This  is  actually  a  more  correct  way  of  including  generation 
because  UA  should  only  include  energy  losses  or  gains  which  are  dependent 
on  ambient  temperature. 

Degree-days,  used  to  estimate  the  load  from  UA,  are   based  on  a  65°F 
indoor  temperature  to  partially  account  for  heat  generation.  Consequently, 
credit  for  additional  heat  generation  is  usually  not  taken  when  calculating 
loads  for  residences. 

11 .  Hot  Water  Usage 

If  your  solar  system  preheats  water  for  domestic  or  process  water 
use,  this  input  is  the  average  hot  water  usage  rate. 

12.  Water  Set  Temperature 

This  is  the  temperature  at  which  hot  water  must  be  supplied  to  your 
taps  or  to  a  process. 


7-31 


13.  Water  Main  Temperature 

This  is  the  temperature  at  which  water  enters  your  system.   It  is 
usually  the  well  water  temperature  or  city  mains  water  temperature. 

14.  City  Call  Number 

The  city  call  number  identifies  the  location  at  which  you  want  to 
make  calculations.  The  first  time  you  use  FCHART  it  is  recommended  that 
you  ask  the  program  to  give  you  a  listing  of  available  locations,  all  of 
which  are  numbered  with  a  city  call  number.  Keep  this  listing  for  future 
reference. 

15.  Print  Out  By  Month  =  1 ,  By  Year  =  2 

The  results  of  the  thermal  analysis  can  be  printed  out  by  month  or 
in  yearly  totals. 

16.  Economic  Analysis?  Yes  =  1 ,  No  =  2 

If  desired,  the  program  will  perform  a  life-cycle  cost  economic 
analysis  which  compares  the  costs  of  the  solar-assisted  system  with  the 
costs  of  a  conventional  system  on  a  present  value  basis.  The  program 
estimates  the  timing  and  amounts  of  annual  cash  flows  using  the  following 
equations. 

yearly  cost  =  mortgage  +  backup  system  +  misc.  +  property  tax  -  income  tax 

with  solar   payment    fuel  costs    costs    increase      decrease 

with  solar 

yearly  cost  =  conventional  system  -  income  tax 
w/o  solar        fuel  cost      decrease 

w/o  solar 

The  terms  are  defined  in  the  following.  It  is  assumed  that  the  solar 
backup  system  is  identical  to  the  conventional  heating  and  domestic  water 
system.  Therefore  only  the  additional  investment  due  to  the  solar  system 
need  be  considered  in  the  analysis. 

If  an  economic  analysis  is  not  desired,  parameters  17  through  38  are 
ignored. 

17.  Use  Optimized  Collector  Area  =  1,  Specified  Area  =  2 

The  user  specifies  a  collector  area  via  system  parameter  number  2. 
However,  if  an  economically  optimized  collector  area  is  desired,  the  pro- 
gram ignores  the  specified  collector  area  and  performs  a  numerical  search 
for  an  optimum  area.  The  criterion  used  is  to  find  the  collector  area 
which  minimizes  the  present  value  of  all  of  the  yearly  costs  of  the  solar- 
assisted  system  over  the  period  of  analysis. 

18.  Period  of  the  Economic  Analysis 

This  specifies  the  number  of  years  over  which  the  life-cycle  cost 
analysis  will  be  performed. 
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19.  Collector  Area  Dependent  Costs 

Some  of  the  extra  costs  of  a  solar  heating  system  above  the  conventional 
system  are  collector  area  dependent.  These  include  the  costs  of  storage  and  of 
the  collector. 

20.  Constant  Solar  Costs 

This  refers  to  extra  costs  of  solar  heating  systems  above  the  con- 
ventional system  which  are  not  dependent  on  the  collector  size.  Examples 
are  costs  for  architectural  modifications,  piping  or  ducts,  controls,  and 
pumps  or  blowers. 

21.  Down  Payment  (%  of  Original  Investment) 

The  original  investment  refers  to  the  extra  investment  required  to 
put  in  the  solar  system.  Therefore  the  %  which  is  paid  down  on  the  solar 
system  equals  the  ratio  of  the  incremental  increase  in  the  down  payment 
required  by  the  lender  to  the  incremental  increase  in  the  size  of  the 
loan  required  due  to  the  solar  system. 

22.  Annual  Interest  Rate  on  Mortgage 

This  is  the  annual  interest  rate  charged  by  your  lender. 

23.  Term  of  the  Mortgage 

The  number  of  years  over  which  you  must  pay  off  the  loan. 

24.  Annual  Nominal  (Market)  Discount  Rate 

This  refers  to  the  annual  rate  of  return  which  you  make  with  your 
money  in  your  best  investment  opportunity.  The  annual  nominal  or  market 
rate  of  return  equals  the  real  rate  of  return  plus  the  general  inflation 
rate.  For  the  typical  homeowner  the  real  rate  of  return  is  1-2%;  for 
business, 3-4%. 

25.  Expenses  (Insurance,  Maintenance)  of  System  in  First  Year 

All  additional  yearly  expenses  due  to  the  solar  system  which  cannot 
be  input  anywhere  else  should  be  included  here. 

26.  Annual  Increase  in  Above  Expenses 

Allowance  can  be  made  for  the  annual  rate  of  Increase  of  insurance 
and  maintenance  costs  (i.e.  the  general  inflation  rate)  via  this 
parameter. 

27.  Present  Cost  of  Auxiliary  Fuel  (CF) 

This  is  the  actual  present  cost  of  the  backup  system  fuel,  times  100, 

divided  by  the  efficiency  of  the  backup  system  heating  unit.  The  actual 

present  cost  of  the  fuel  should  include  any  fuel  adjustment  charges  beyond 
the  standard  rate. 
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28.  CF  Rise:  Linear  =  1,  %/yr.  =  2,  Seq.  of  Values  =  3 

The  program  user  may  allow  fuel  costs  to  rise  in  any  of  three  possible 
ways  so  that  any  scenario  can  be  investigated.  These  increases  should  include 
general  inflation  plus  any  net  increases  in  fuel  costs. 

29.  If  1,  What  is  the  Slope  of  CF  Increase? 

If  a  linear  fuel  cost  rise  is  assumed,  the  slope  of  increase  is 
required.  Otherwise  this  parameter  is  ignored. 

30.  If  2,  What  is  the  Annual  Rate  of  CF  Rise? 

If  a  %/yr.   fuel  cost  rise  is  desired,  the  annual  rate  of  fuel 
cost  increase  must  be  input  here.  Otherwise  this  parameter  is 
ignored. 

31.  Economic  Print  Out  by  Year  =  1,  Cumulative  =  2 

If  a  yearly  print  out  is  desired,  several  cash  flows  are  printed 
each  year  of  the  economic  analysis.  If  a  cumulative  print  out  is  desired, 
the  present  value  of  the  yearly  costs  over  the  period  are  output  for  the 
building  with  and  without  a  solar  energy  system. 

32.  Effective  Federal -State  Income  Tax  Rate 

State  income  taxes  paid  are  deductible  on  federal  returns;  therefore 
the  effective  federal -state  income  tax  rate  is  calculated  as 

Effective  Rate  =  Federal  Rate+ State  Rate-  (Federal  Rate)  x  (State  Rate) 

33.  True  Property  Tax  Rate  per  $  of  Original  Investment 

Property  tax  rates  are  applied  to  your  assessed  value.  Therefore 
an  estimate  of  assessed  value  as  a  percentage  of  original  investment  is 
required  so  that 

Tax  Rate =  ,  Tax  Rate    *   /Assessed  Value  s 

$  Original  Invest.   ^Assessed  Value'  x  ^Original  Invest: 

34.  Income  Producing  Building?  Yes  =  1 ,  Nc  =  2 

The  economic  analyses  for  commercial  and  residential  buildings  are 
different  because  businesses  benefit  from  more  income  tax  deductions  due 
to  the  added  investment  required  for  the  solar  heating  system.  For  the 
homeowner,  interest  and  property  taxes  paid  are  deductible  on  income 
taxes.  For  a  business,  interest,  depreciation,  fuel  expenses,  property 
taxes  and  maintenance  and  insurance  costs  are  all  deductible. 

If  your  building  is  not  income  producing  and  does  not  qualify  as  a 
business  investment,  parameters  35  through  38  are  ignored. 


7-34 


The  yearly  cost  equations  are  given  in  the  discussion  below  system 
parameter  16.   For  a  non-income-producing  building,  such  as  a  residence, 
the  income  tax  terms  are   given  below. 


income  tax 

=  tax 

decrease 

rate 

with  solar 

income  tax 

=  0. 

decrease 

w/o  solar 

x  {interest  paid  +  property  tax  paid} 


However,  for  a  commercial  building  the  income  tax  terms  are  as 
fol lows. 

income  tax  =  tax  x  {interest  +  property  +  misc.  +  backup  sys.  +  depreciation} 
decrease    rate     paid      tax     expense    fuel  cost 
with  solar  paid 

income  tax  =  tax  rate  x  {conventional  system  fuel  costs} 
decrease 
w/o  solar 

Although  commercial  building  owners  have  more  income  tax  deductions  due 
to  the  solar  investment  than  homeowners,  they  do  not  save  as  much  in  fuel 
costs  since  fuel  costs  are  deductible  whether  or  not  they  install  a  solar 
heating  system. 

Keep  in  mind  that  the  interest,  property  tax,  miscellaneous  expense, 
and  depreciation  deductions  refer  only  to  the  incremental  increase  in  these 
deductions  due  to  the  solar  investment.  Therefore  these  terms  do  not  appear 
in  the  "without  solar"  income  tax  decrease  equation. 
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35.  Dprc:  Straight  Line  =  1,  Declining  Balance  =  2,  Sum-of-Years 
-  Digits  =  3,  None  =  4 

Any  of  the  standard  methods  of  depreciation  can  be  used.  Deprecia- 
tion deductions  due  to  the  extra  investment  due  to  solar  are  calculated 
in  order  to  estimate  the  income  tax  savings. 
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If  2,  What  %  of  Straight  Line  Depreciation  Rate  is  Desired? 


The  federal  government  allows  several  rates  at  which  investments 
can  be  written  off  using  the  declining  balance  method.  These  rates  are 
expressed  as  the  %   of  straight  line  depreciation  rate  allowed. 

37.  Useful  Life  for  Depreciation  Purposes 

This  is  the  length  of  time  over  which  you  intend  to  depreciate 
out  your  investment. 

38.  Salvage  Value  at  End  of  Depreciation  Period 

An  estimate  of  the  system's  salvage  value  at  the  end  of  the  deprecia- 
tion period  is  required  in  order  to  calculate  depreciation. 
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Figure   7-14. 
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SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:   BOULDER 
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Figure   7-15. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  ALBUQUERQUE 
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Figure   7-16. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:   MADISON 
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Figure    7-17 


AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  -  LAT 
LOCATION:   BOSTON 
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Figure   7-18. 

AIR  SYSTEM 
SOLARON  COLLECTOR 

SLOPE  =  LAT 
LOCATION:  ALBANY 
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Figure   7-19. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  -  LAT 
LOCATION:  SEATTLE 
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Figure   7-20. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  GAINESVILLE 
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Figure   7-21. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  SANTA  MARIA 
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Figure  7-22. 

AIR   SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =   LAT 
LOCATION:    WASH.,  D.    C. 
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Figure   7-23. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  ST.  CLOUD 
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Figure   7-24. 

AIR  SYSTEM 
SOLARON   COLLECTOR 
SLOPE   =   LAT  +   15 
LOCATION:    BOULDER 
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Figure   7-25, 


AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  ALBUQUERQUE 
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Figure  7-26. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  »  LAT  +  15 
LOCATION:  MADISON 
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Figure  7-27. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE   =   LAT  +   15 
LOCATION:    BOSTON 
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Figure   7-28. 

AIR   SYSTEM- 
SOLARON   COLLECTOR 
SLOPE   =   LAT  +   15 
LOCATION:    ALBANY 
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Figure  7-29. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =»  LAT  +  15 
LOCATION:  SEATTLE 
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Figure  7-30. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  GAINESVILLE 
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Figure  7-31. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  -  LAT  +  15 
LOCATION:  SANTA  MARIA 
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Figure  7-32. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  WASH.,  D.C. 
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Figure  7-33. 

AIR  SYSTEM 
SOLARON  COLLECTOR 
SLOPE  =  LAT  +15 
ST.  CLOUD 
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Figure  7-34. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  BOULDER 
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Figure   7-35. 


WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  ALBUQUERQUE 
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Figure    7-36. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE   =   LAT 
LOCATION:    MADISON 
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Figure  7-37. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  BOSTON 
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Figure  7-38. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:    ALBANY 
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Figure   7-39, 


WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  SEATTLE 


7-64 


0.8 


0.6 


0.4 


0.2 


1000 

-    750 

_500_ 

a  =  2 

50  s 

q  ft 

Are 

5000 


20000 


25000 


30000 


QDES 


Figure   7-40. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =   LAT 
LOCATION:    GAINESVILLE 
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Figure  7-41. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  SANTA  MARIA 


7-66 


.0 


0.8 


0.6 


0.4 


0.2 


_J000 

_750 

5  00 

\a  -  2  50  sq  ft" 

Are 

0 
5000 


20000 


25000 


30000 


QDES 


Figure  7-42. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:  WASH.,  D.C. 
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Figure   7-43. 

WATER   SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT 
LOCATION:    ST.    CLOUD 
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Figure  7-44. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =   LAT  +   15 
LOCATION:    BOULDER 
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Figure  7-45. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  ALBUQUERQUE 
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Figure   7-46. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =   LAT  +   15 
LOCATION:    MADISON 
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Figure   7-47. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +   15 
LOCATION:    BOSTON 
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Figure  7-43. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  ALBANY 
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Figure   7-49. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  SEATTLE 
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Figure   7-50. 

WATER  SYSTEM 
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Figure   7-51. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  SANTA  MARIA 
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Figure  7-52. 

WATER   SYSTEM 
PPG  COLLECTOR 
SLOPE   =   LAT  +   15 
LOCATION:    WASH.,  D.C. 
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Figure  7-53. 

WATER  SYSTEM 
PPG  COLLECTOR 
SLOPE  =  LAT  +  15 
LOCATION:  ST.  CLOUD 
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8-1 
INTRODUCTION 

This  module  presents  a  methodology  that  may  be  used  to  determine 
the  economics  of  solar  heating  systems.  It  also  presents  current  cost 
figures  for  some  solar  systems  utilizing  both  water  and  air. 

There  are  many  different  approaches  that  have  been  taken  to  determine 
economics  of  solar  systems.  Many  of  these  have  been  used  to  illustrate 
favorable  economics  of  solar  systems  and  are  often  unrealistic.  The 
methodology  presented  in  this  module  may  be  applied  to  any  system, and  the 
user  can  provide  relevant  cost  information  in  his  locality. 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  in  the  module  is  to  present  current  system  costs  and  a 
methodology  that  will  enable  the  trainee  to  determine  the  economics  of 
solar  systems. 

SUB-OBJECTIVES 

From  the  costs  and  methodology  presented,  the  trainee  will  be  able  to 

1.  Estimate  system  costs 

2.  Compare  solar  system  costs  with  conventional  system  costs 

3.  Explain  economic  calculations  to  his  clients. 

SYSTEM  COSTS 

Examination  of  the  costs  of  a  number  of  solar  systems  that  have  been 
constructed  within  the  last  three  years  indicates  installed  system  costs 
to  be  approximately  $25  per  square  foot  of  collector.  This  is  based 
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upon  systems  that  have  been  designed  to  carry  approximately  75  percent 
of  the  total  heating  and  service  hot  water  loads  for  single  family 
residential  type  structures.  This  unit-installed  cost  applies  to  both 
air  and  water  systems.  It  is  a  current  cost  (1976)  based  on  Colorado 
prices,and  for  detailed  economic  calculations  in  other  areas  it  is 
cautioned  that  local  estimates  of  system  costs  should  be  made. 

Tables  8-1  and  8-2  present  actual  cost  data  for  a  water  system  and 
an  air  system  that  have  been  recently  designed  and  installed.  Cost  items 
for  drawings  and  design  time  are  included  in  the  profit  and  overhead 
figure.  Such  costs  are  real,  however,  and  must  be  included  in  any 
economic  analysis.  It  should  be  noted  that  the  collector  cost  shown  in 
Table  8-1  is  below  the  average  cost  for  collectors,  and  the  control  cost 
exceeds  the  average  cost  for  controllers.  These  tables  do  not  include 
freight  charges, as  these  charges  would  vary  with  respect  to  location. 
They  can  easily  represent  a  significant  addition  to  the  total  costs, 
however.  The  size  of  the  collector  array  is  different  for  the  water 
system  shown  in  Table  8-1  than  for  the  air  system  shown  in  Table  8-2 
because  of  the  different  design  heat  loads.  The  ratio  between  design 
heat  load  and  collector  size  is  comparable  for  the  two  cases. 

We  can  see  from  the  two  cases  illustrated  that  the  installed  cost 
of  an  air  system  is  greater  than  for  the  water  system.  However,  some 
adjustment  in  the  unit  cost  of  the  smaller  air  system  should  be  made, 
and  it  is  reasonable  to  expect  that  for  equivalent  sizes  the  costs 
would  be  between  $20  and  $25  dollars  per  square  foot  of  collector. 

The  homeowner  is  most  likely  to  think  of  solar  energy  as  a  means  of 
reducing  future  heating  costs.  What  he  would  like  to  do  is  add  the 
initial  cost  of  solar  components  to  his  mortgage  and  make  the  additional 
mortgage  payments  from  the  future  fuel  savings. 
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$  6,685 


Table  8-1.  Representative  Costs  for  a  Water  System  with 
800  ft2  Collector 

House  Design  Heat  Load  =  110,000  Btu/hr 

ITEM  COST 

1.  Collectors  $4,080 

2.  1200  gallon  steel  storage  tank  (lined)         1,400 

3.  Pumps  -  350 

80 
185 
130  745 

4.  Heat  exchangers  -  275 

185  460 


5.  Plumbing  -  1-1/4"  pipe  230 

Misc.  fittings  220 

Valves  536 

Flow  regulators  160 

Manifolds  180 

Cu  pump  100 

Air  vents  20 

1,446 

6.  Controls  and  display  1,148 

7.  Insulation  1,481 

8.  Preheat  tank  160 

9.  Expansion  tank  80 

10.  Labor  3,600 

11.  Testing,  balancing,  adjusting,  and 

periodic  checks  1 ,000 

Subtotal  15,600 

12.  Profit  and  overhead  (20%  of  $15,600)  3,120 

TOTAL  COST  $18,720 
Installed  cost  per  unit  area  of  collector  $23.40 
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Table  8-2.  Representative  Costs  for  an  Air  System  with 
390  ft2  of  Collector 

House  Design  Heat  Load  =  42,000  Btu/hr 

ITEM  COST 

1.  Solar  equipment  $  6,315.69 

collectors,  cap  strips,  end  caps, 
air  handler,  controller,  domestic 
hot  water  package,  butyl  sealant 

2.  Engineering  charge  400.00 

3.  Storage 

materials  -500.00 

labor  -500.00 

4.  Gas  hookup  80.00 

5.  Installation  3,101.54 

collectors,  ductwork,  controls, 
air  handling  unit,  etc. 

TOTAL  COST  $10,897.23 

Installed  cost  per  unit  area  of  collector  $27.94 
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The  economics  of  solar  heating  will    be  evaluated  for  an  actual 
system  under  construction  in  the   vicinity  of  Fort  Collins,  Colorado, to 
determine  if  the  prospective  fuel   savings  would  be  sufficient  to  repay 
the  added  mortgage  costs.     The  cost  of  the  solar  system  was   $12,000.     An 
annual   payment  to  repay  $12,000  over  25  years  at  9-percent  interest  (the 
interest  on  the  loan)  is   $1221.68,  which  would  be  $101.80  per  month.     The 
annual   payment  may  be  determined  by  use  of  the  equation: 

annual   payment  =   (i/((l+i)n  -   1)  +  i)   x  12,000,  (8-1) 

where     i     is   interest  rate  expressed  as  a  fraction,   i.e.,  0.09.     A  longer 
term  mortgage  would  decrease  the  annual    payments  as  would  a  lower  interest 
rate.      If  the  load  balance   (principal)   is  reduced  by  each  monthly  payment, 
the  above  equation  yields   $100.70  per  month  by  using  a  monthly  interest 
rate  of  0.75  percent  and  300  monthly  payments. 

ENERGY  SAVINGS  FROM  SOLAR  ENERGY 

The  particular  house  had  a  design  heating  load  of  24,000  Btu  per 
F-day.  Fort  Collins  has  an  average  of  6,000  °F-days.  Consequently,  the 
annual  heat  required  is  144  million  Btu  per  year.  Energy  input  of 

o 

2.4  x  10     Btu  per  year  would  be  required  assuming  a  natural    gas  furnace 
with  a  thermal   efficiency  of  0.6. 

Natural    gas  available  in  Fort  Collins  has  a  Btu  content  of  880  Btu 
per  cubic  foot,  when  a  local   gas   rated  at  1000  Btu  per  cubic  foot  at 
sea  level    is  de-rated  for  the  5,000-foot  elevation.     Thus,  the  total    gas 
required  for  heating  this   house  with  a  conventional   natural    gas  heating 
system  is  calculated  at  273,000  cubic  feet.     An  examination  of  current  local 
rate  schedules   (1977)  reveals  the  average  30,300  cubic  feet  required  per 
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month  over  a  nine-month  heating  period  would  cost  $38.96  per  month  plus 
$1.50  per  month  over  the  summer  months,  or  $355.14  per  year  at  current 
energy  prices. 

Solar  energy  will  supply  approximately  80  percent  of  the  heating 
load;  hence,  it  would  save  approximately  $281  per  heating  season  at 
current  natural  gas  prices.  Unfortunately,  this  $281  annual  fuel  saving 
is  a  long  way  from  meeting  the  extra  mortgage  payment  of  $1,221.68  per 
year. 

Alternative  fuels  such  as  LPG' and  electricity  make  solar  energy  more 
attractive  due  to  their  higher  energy  costs.  If  electricity  were  used  to 
heat  this  particular  house,  the  annual  electric  cost  would  be  approximately 
$1,226  (at  current  electrical  rates  $0.03/kwh),  of  which  80  percent, 
$1,013,  could  be  saved  by  the  solar  system.  The  saving  is  thus  nearly 
enough  to  cover  the  annual  mortgage  payment  for  a  solar  system. 

BREAKEVEN  CALCULATIONS 

Energy  prices  are  certainly  expected  to  rise  in  the  future.  Rather 
than  attempt  to  predict  the  rise,  one  may  find  the  breakeven  point  in 
terms  of  uniform  annual  cost  for  augmented  solar  systems  versus  conven- 
tional heating  systems. 

In  order  to  determine  the  breakeven  cost,  one  sets  up  an  equation 
containing  the  uniform  annual  cost  of  augmented  solar  heating  on  one 
side  of  an  equality  and  the  costs  of  conventional  heating  on  the  other 
side,  as  shown  below. 
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BREAKEVEN  COST  WITH  GAS 

SOLAR  CONVENTIONAL  (GAS) 

$l,221.68/yr  for  mortgage  +  20  percent  273,000  cubic  feet  of  natural  gas 
of  conventional  fuel  +  electric       per  year 
pumping  costs  @  approximately 
50  kwh/mo  @  $0.04/kwh 

$1,221. 68/yr  +  (.20)  (273,000  ft3/yr)  ($X/ft3)  +  $2/mo  (elec.)  x  12  mo/yr 
273,000  ft3/yr  (X/ft3) 


$1,245.68  =  (218,400  ft3/yr)  ($X/ft3) 
$1, 245. 68/yr  =  (218,400)  ($X/ft3) 


Breakeven  =  $0.0057/ft3 

=  $0.57/100  ft3 

Thus  solar  heating  would  be  economically  competitive  in  this  case  if 

3 
natural  gas  cost  $0.57/100  ft  .  How  long  it  will  take  for  natural  gas 

3 
to  reach  that  value  from  its  present  value  of  $0.10/100  ft  is  anybody's 

guess.  A  rough  estimate  can  be  made  if  one  assumes  some  annual  percentage 

increases.  A  range  of  possible  annual  increases  and  the  corresponding 

years  required  to  double,  triple,  and  quadruple  is  shown  in  the  table 

below. 

YEARS  REQUIRED  FOR  A  VALUE  TO  DOUBLE,  TRIPLE,  OR  QUADRUPLE. 
ANNUAL  PERCENTAGE  INCREASE 

5%    10%    15%    20%    25% 


2X 

14 

7 

5 

4 

3 

3X 

23 

12 

8 

6 

5 

4X 

28 

15 

10 

8 

6 

The  breakeven  cost  for  electrical  heating  for  this  particular  house 
is  shown  below. 


BREAKEVEN  COST  WITH  ELECTRICITY 

SOLAR 
$l,221.68/yr  for  mortgage  +  20  percent 
of  electric  heating  +  electric 
pumping  costs  @  approximately  $2/mo 


CONVENTIONAL  (ELECTRIC) 
42,192  kwh/yr 


($1,221.68  +  $2  x  12)  +  (0.20  x  42,192  kwh/yr)  ($X/kwh)  = 
42,192  (42,192  kwh/yr)  ($X/kwh) 
.'.   1,245.68  +  8,438  X  =  42,192  X 
33,754  X  =  1,245.68 

X  =  $0.0369/kwh 

The  above  calculations  indicate  that  natural  gas  prices  in  the  Fort 
Collins  area  must  increase  by  nearly  4^  times  over  their  present  values 
before  a  solar  system  would  become  economically  competitive  with  a  natural 
gas  heating  system.  However,  present  electrical  rates  are   almost  at  a 
level  at  which  solar  systems  are  economically  competitive  with  electric 
resistance  heating  systems.  The  economics  of  solar  systems  as  energy 
prices  increase  are  investigated  in  the  next  section. 

ECONOMICS  OF  SOLAR  HEATING  AS  ENERGY  COSTS  INCREASE 


YEARLY  CASH  FLOW  COMPARISONS 

The  economic  attractiveness  of  residential  solar  heating  would, 
presumably,  increase  as  conventional  fuel  prices  increase.  Table  8-3 
shows  the  annual  cash  flow  for  a  solar  system  with  a  gas-fired  auxiliary 
system,  with  the  solar  system  providing  80  percent  of  the  annual  heating 
load.  Also  presented  is  the  annual  cash  flow  for  the  conventional  heating 
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Table  8-3. 


Yearly  Cash  Flow  for  Heating  with  Solar  Energy 
and  with  Natural   Gas 


Solar  with  Gas  Auxiliary 


Conventional 
Heating 


Year 

(1) 
Mortgage 

(2) 

Gas  @  20%  of 
Conventional 

(3) 
Electric 

Pumping 

@  7%  Annual 

Increase 

(4) 
1+2+3 

Total 

(5) 

Natural  Gas 
@  10%  Annual 
Increase 

(6) 

(5)-(4) 
Incre- 
mental 

Cash  Flow 

1 

1222 

54 

24 

1300 

272 

-1028 

2 

1222 

60 

26 

1308 

299 

-1009 

3 

1222 

66 

27 

1315 

329 

-  986 

4 

1222 

72 

29 

1323 

362 

-  961 

5 

1222 

80 

31 

1333 

399 

-  934 

6 

1222 

88 

34 

1344 

438 

-  906 

7 

1222 

96 

36 

1354 

482 

-  872 

8 

1222 

106 

39 

1367 

530 

-  837 

9 

1222 

117 

41 

1380 

583 

-  797 

10 

1222 

128 

44 

1394 

641 

-  753 

11 

1222 

141 

47 

1410 

706 

-  704 

12 

1222 

155 

51 

1428 

776 

-  652 

13 

1222 

171 

54 

1447 

854 

-  593 

14 

1222 

188 

58 

1468 

940 

-  528 

15 

1222 

207 

62 

1491 

1034 

-  457 

16 

1222 

227 

66 

1515 

1137 

-  378 

17 

1222 

250 

71 

1543 

1251 

-  292 

18 

1222 

275 

76 

1573 

1376 

-  197 

19 

1222 

303 

81 

1606 

1513 

-  93 

20 

1222 

333 

87 

1642 

1665 

23 

21 

1222 

366 

93 

1681 

1831 

150 

22 

1222 

403 

99 

1724 

2014 

290 

23 

1222 

443 

106 

1771 

2216 

445 

24 

1222 

487 

114 

1823 

2437 

614 

25 

1222 

536 

122 

1880 

2681 

801 

$37,420         $26,766 


$-10,654 
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system  and  the  incremental  cash  flow  between  the  solar  system  and  the 
conventional  system.  In  developing  this  table,  it  was  assumed  that 
natural  gas  prices  would  increase  at  10  percent  per  year  and  that 
electricity  costs  would  increase  at  7  percent  per  year.  It  is  clear 
from  this  table  that  the  solar  system  is  not  economically  competitive 
with  the  gas-fired  conventional  system.  This  conclusion  is  changed 
dramatically  when  one  considers  an  electrical  auxiliary  system.  These 
results  are  shown  in  Table  8-4.  The  right-most  column  again  presents 
the  incremental  cash  flow  of  the  solar  system  over  the  costs  of  a 
conventional  system.  The  negative  values  in  the  early  years  indicate 
that  the  solar  cost  is  greater  than  the  conventional  cost, but  this 
situation  reverses  after  five  years.  The  total  savings  over  the  assumed 
25-year  lifetime  of  the  system  are  significant  for  the  solar  system  as 
compared  with  the  conventional  electric  heating  system. 

PRESENT  WORTH  CALCULATIONS 

The  present  worth  of  the  operating  costs  of  the  solar  system  and  the 
conventional  heating  costs,  not  including  the  mortgage  payment  for  the 
solar  system,  has  been  calculated,  and  the  results  are   presented  in 
Tables  8-5  and  8-6.  Table  8-5  presents  results  for  a  solar  system  with 
gas  auxiliary,  whereas  Table  8-6  presents  the  results  for  a  solar  system 
with  electric  auxiliary.  The  future  operating  costs  have  been  discounted 
to  an  equivalent  present  worth  by  assuming  a  cost  of  money  of  9  percent 
per  year,  the  same  rate  assumed  for  the  mortgage.  The  present  worth  is 
given  by 

P  =  F(l/(l+i)n)  (8-2) 
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Table  8-4.  Yearly  Cash  Flow  for  Space  Heating  with  Solar  Energy 
and  with  Electricity 


Solar  and 

Elec 

trie  Auxiliary 

Conventional 
Heating 

(1) 

(2) 

(3) 

(4) 
1+2+3 

(5) 

(6) 
(5)-(4) 

Year 

Mortgage 
1222 

Electricity 

@  20%  of 
Conventional 

253 

Electric 
Pumping 
(3  1%   Annual 
Increase 

Total 
1499 

Electric 
@  7%   Annual 
Increase 

1266 

Incre- 
mental 
Cash  Flow 

1 

24 

-233 

2 

1222 

271 

26 

1519 

1355 

-164 

3 

1222 

290 

27 

1539 

1449 

-  90 

4 

1222 

310 

29 

1561 

1551 

-  10 

5 

1222 

332 

31 

1585 

1659 

74 

6 

1222 

355 

34 

1611 

1776 

165 

7 

1222 

380 

36 

1638 

1900 

262 

8 

1222 

406 

39 

1667 

2033 

366 

9 

1222 

435 

41 

1698 

2175 

477 

10 

1222 

465 

44 

1731 

2327 

596 

11 

1222 

498 

47 

1767 

2490 

723 

12 

1222 

533 

51 

1806 

2665 

859 

13 

1222 

570 

54 

1846 

2851 

1005 

14 

1222 

610 

58 

1890 

3051 

1161 

15 

1222 

652 

62 

1936 

3264 

1328 

16 

1222 

698 

66 

1986 

3493 

1507 

17 

1222 

747 

71 

2040 

3737 

1697 

18 

1222 

799 

76 

2097 

3999 

1902 

19 

1222 

855 

81 

2158 

4279 

2121 

20 

1222 

915 

87 

2224 

4579 

2355 

21 

1222 

979 

93 

2294 

4899 

2605 

22 

1222 

1048 

99 

2369 

5242 

2873 

23 

1222 

1121 

106 

2449 

5609 

3160 

24 

1222 

1199 

114 

2535 

6002 

3467 

25 

1222 

1283 

122 

2627 

6422 

3795 

$48,072 


$80,073    $32,001 
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Table  8-5.  Present  Worth  of  Solar  and  Gas  System 


(1) 

(2) 

(3) 

(4)        (5) 

Conventional 

Heating  with 

Solar  System 

Present  Worth 

10%  Annual 

Without 

Present 

at  9% 

Increase  in 
Gas 

Mortgage 
Payment 

Worth 
Factor  at 

9% 

Discounting 

Year 

Conventional    Solar 

(2)+(3)  from 
Table  8-3 

1 

272 

78 

2 

299 

86 

3 

329 

93 

4 

362 

101 

5 

399 

111 

6 

438 

122 

7 

482 

132 

8 

530 

145 

9 

583 

158 

10 

641 

172 

11 

706 

188 

12 

776 

206 

13 

854 

225 

14 

940 

246 

15 

1,034 

269 

16 

1,137 

293 

17 

1,251 

321 

18 

1,376 

351 

19 

1,513 

384 

20 

1,665 

420 

21 

1,831 

459 

22 

2,014 

502 

23 

2,216 

549 

24 

2,437 

601 

25 

2,681 

658 

.9174 
.8417 
.7722 
.7084 
.6499 
.5963 
.5470 
.5019 
.4606 
.4224 
.3875 
.3555 
.3262 
.2992 
.2745 
.2519 
.2311 
.2120 
.1945 
.1784 
.1637 
.1502 
.1378 
.1264 
.1160 


(3)x(l) 


(3)x(2) 


250 

72 

252 

72 

254 

72 

256 

72 

259 

72 

261 

73 

264 

72 

266 

72 

268 

73 

271 

73 

274 

73 

276 

73 

279 

73 

281 

74 

284 

74 

286 

74 

289 

74 

292 

74 

294 

75 

297 

75 

300 

75 

303 

75 

305 

76 

308 

76 

311 

76 

$26,766 


$6,870 


$6,980 


$1,840 


Economic  Maximum  First  Cost 
for  Solar  =  $6,980  -  $1,840  =  $5,140 
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Table  8-6.     Present  Worth  of  Solar  and  Electric  System 


(1) 
Conventional 
Heating  with 

7%   Annual 
Increase  in 
Electricity 

(2) 

Solar  System 
Without 
Mortgage 
Payments 

(2)+(3)  from 
Table  8-4 

(3) 

Present 
Worth 
Factor  at  9% 

(4)        (5) 

Present  Worth 

at  9% 

Discounting 

Year 

Conventional 

Solar 

(3)x(l) 

(3)x(2) 

1 

1,266 

277 

.9174 

1,161 

254 

2 

1,355 

297 

.8417 

1,141 

250 

3 

1,449 

317 

.7722 

1,119 

245 

4 

1,551 

339 

.7084 

1,099 

240 

5 

1,659 

363 

.6499 

1,078 

236 

6 

1,776 

389 

.5963 

1,059 

232 

7 

1,900 

416 

.5470 

1,039 

228 

8 

2,033 

445 

.5019 

1,020 

223 

9 

2,175 

476 

.4604 

1,001 

219 

10 

2,327 

509 

.4224 

983 

215 

11 

2,490 

545 

.4875 

965 

266 

12 

2,665 

584 

.3555 

947 

208 

13 

2,851 

624 

.3262 

930 

204 

14 

3,051 

668 

.2992 

913 

200 

15 

3,264 

714 

.2745 

896 

196 

16 

3,493 

764 

.2519 

880 

192 

17 

3,737 

818 

.2311 

864 

189 

18 

3,999 

875 

.2120 

848 

186 

19 

4,279 

936 

.1945 

832 

182 

20 

4,579 

1,002 

.1784 

817 

179 

21 

4,899 

1,072 

.1637 

802 

175 

22 

5,242 

1,147 

.1502 

787 

172 

23 

5,609 

1,227 

.1378 

778 

169 

24 

6,002 

1,313 

.1264 

759 

166 

25 

6,422 

1,405 

.1160 

745 

163 

$80,073 


$17,522 


$23,463 


$5,189 


Economic  Maximum  First  Cost 
for  Solar  =  $23,463  -  $5,189  =  $18,274 
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where  P  represents  the  present  worth  and  F  represents  the  future 
value. 

The  present  worth  of  the  future  cash  flows  of  the  conventional 
heating  systems  is  $6,980,  compared  with  $1,840  for  the  solar  system  with- 
out mortgage  payment.  The  difference  of  $5,140  represents  the  economic 
maximum  first  cost  of  solar  components  for  this  house  if  money  is  worth 
9  percent  per  year,  and  if  natural  gas  prices  rise  at  a  10  percent 
compounded  annual  rate.  The  results  are  much  more  favorable  for  solar 
when  compared  with  electric  auxiliary  as  shown  in  Table  8-6.   In  this 
case,  we  see  that  the  economic  maximum  first  cost  for  solar  exceeds  by 
approximately  $6,000  the  actual  cost  of  the  solar  system. 

There  are  other  factors  that  one  could  consider  in  performing  these 
economic  analyses.  For  example,  the  interest  paid  on  the  mortgage  could 
be  used  to  reduce  the  homeowner's  personal  income  tax.  However,  one 
should  also  consider  that  property  taxes,  insurances,  and  the  cost  of  the 
floor  space  occupied  by  the  solar  system  (primarily  the  heat  storage  unit) 
should  be  included  in  the  solar  system  costs,  partially  offsetting  the 
savings  realized  from  income  tax  reductions.  For  commercial  type 
installations,  depreciation  of  the  solar  system  would  also  represent  a 
favorable  tax  situation.  Regardless  of  what  manipulations  one  might 
perform,  the  fact  remains  that,  at  the  present  time,  solar  systems  are  not 
economically  competitive  with  gas  systems  in  this  region,  but  they  are 
now  competitive  with  electrical  systems  in  this  region.   For  geographical 
regions  other  than  Fort  Collins,  this  situation  does  not  necessarily 
prevail.  Using  the  techniques  presented  above,  one  can  readily  calculate 
the  economics  of  solar  systems  for  any  region  and  any  inflation  rates. 
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The  economic  maximum  first  cost  for  a  solar  system  may  be  determined 
very   quickly  by  reference  to  Tables  8-7  through  8-27  .  These  tables  were 
developed  for  mortgage  periods  of  20,  25,  and  30  years,  interest  rates 
between  8  and  12  percent,  and  annual  increases  in  conventional  fuel  costs 
between  0  and  12  percent.  The  use  of  the  tables  will  be  illustrated  by 
the  example  shown  in  Table  8-4.  The  mortgage  period  was  assumed  to  be 
25  years,  the  mortgage  interest  rate  was  9  percent,  and  it  was  assumed 
that  electricity  costs  would  increase  at  7  percent  per  year.  The  cost 
of  heating  with  electricity  during  the  first  year  was  determined  to  be 
$1,266.  The  solar  system  was  designed  to  provide  80  percent  of  the 
heating  requirements. 

The  factor  F,  shown  in  Tables  8-7  through  8-27,  is  defined  as 


F  _  First  Year's  Fuel  and  Operating  Cost 
First  Year's  Conventional  Fuel  Cost 


Therefore,  in  this  example, 

F   253  +  24    99 
h    1,266   "  '"  * 

We  will  have  to  interpolate  since  there  is  no  table  for  the  assumed  annual 
rate  of  fuel  increase  of  7  percent.  From  Tables  8-17  and  8-18  we 
see  that  the  cost  factor  is  13.0593  for  6-percent  annual  rate  of 
fuel  increase  and  16.0522  for  8-percent  annual  rate  of  fuel  increase. 
The  economic  maximum  first  cost  for  solar  is  determined  by  multiplying 
the  fuel  cost  factor  by  the  first  year's  conventional  fuel  cost. 


S.  E.  Huck,  "Design  Charts  for  Solar  Heating  Systems,"  M.S.  Thesis, 
Department  of  Mechanical  Engineering,  Colorado  State  University, 
Fort  Collins,  Colorado  80523  (1976). 
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Therefore,  we  obtain 


EMFC  =  ($1,266)  (13.0593) 

=  $16,533         (6%   ARI) 


and 


EMFC  =  ($1,266)  (16.0522) 

=  $20,322         (8%  ARI) 

we  need  to  take  one-half  the  difference  between  these  two  values  and  add 

this  to  $16,533  to  determine  the  economic  maximum  first  cost  for  solar 

for  the  assumed  7- percent  annual  rate  of  increase  in  fuel  costs.  We 
obtain 

EMFC  =  $16,533  +  0.5(20,322  -  16,533) 
=  $18,427  . 

The  detailed  analysis  in  Table  8-6  resulted  in  a  figure  of  $18,274.  The 
slight  difference  is  due  to  round-off  in  our  calculations. 

The  cost  estimate  for  a  given  solar  system  should  be  compared  with 
the  economic  maximum  first  cost  for  a  solar  system  in  order  to  determine 
if  the  solar  system  should  be  installed.  If  EMFC  exceeds  the  estimated 
cost,  then  it  would  be  economically  advantageous  for  the  owner  to  install 
the  solar  system.  Typically,  a  curve  such  as  that  shown  in  Figure  8-1 
should  be  developed.  The  two  curves  shown  in  this  figure  represent  the 
economic  maximum  first  cost  and  the  estimated  cost  as  functions  of  the 
collector  area.  The  points  of  intersection  represent  breakeven  points. 
That  is,  the  solar  system  and  the  conventional  system  would  have  equal 
costs  over  the  lifetime  of  the  mortgage.  The  shaded  region  between  the 
two  curves  represents  a  region  in  which  the  solar  system  would  have  an 
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C.  B.  Winn  and  G.  R.  Johnson,  "Solar  Energy  Analysis  Programs  for 
Programmable  Handheld  Calculators,"  Report  No.  TR-99,  SEEC,  Inc., 
Fort  Collins,  Colorado,  November  1976. 
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economic  advantage  over  the  conventional  system.  The  optimal  collector 
area  would  be  at  the  point  of  maximum  separation  between  the  two  curves. 
In  this  case  that  would  be  at  approximately  400  square  feet. 

ALTERNATE  APPROACHES 

There  are  several  alternate  approaches  to  performing  economic 
analyses,  but  most  lead  to  essentially  the  same  conclusions,  depending, 
of  course,  upon  what  assumptions  are  made.  One  of  the  alternative  methods 
is  an  analysis  procedure  programmed  into  the  interactive  computer  program 
developed  at  the  University  of  Wisconsin. 

If  desired,  the  program  will  perform  a  life-cycle  cost  economic 
analysis  which  compares  the  costs  of  the  solar-assisted  system  with  the 
costs  of  the  conventional  system  on  a  present- value  basis.  The  program 
estimates  the  timing  and  amounts  of  annual  cash  flows  using  the  following 
equations: 

yearly  cost  =  mortgage  +  backup  system  +  misc.  +  property  tax  -  income  tax 
with  solar   payment     fuel  costs    costs    increase     decrease 

with  solar 

yearly  cost  =  conventional  system  -  income  tax 
w/o  solar       fuel  cost       decrease 

w/o  solar 

The  terms  are  defined  in  the  following.  It  is  assumed  that  the  solar 
backup  system  is  identical  to  the  conventional  heating  and  domestic  water 
system.  Therefore,  only  the  additional  investment  due  to  the  solar  system 
need  be  considered  in  the  analysis. 
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USE  OPTIMIZED  COLLECTOR  AREA  =  1 ,  SPECIFIED  AREA  =  2 

The  user  specifies  a  collector  area  via  system  parameter  number  2. 
However,  if  an  economically  optimized  collector  area  is  desired,  the 
program  ignores  the  specified  collector  area  and  performs  a  numerical 
search  for  an  optimum  area.  The  criterion  used  is  to  find  the  collector 
area  which  minimized  the  present  value  of  all  of  the  yearly  costs  of  the 
solar-assisted  system  over  the  period  of  analysis. 

PERIOD  OF  THE  ECONOMIC  ANALYSIS 

This  specifies  the  number  of  years  over  which  the  life-cycle  cost 
analysis  will  be  performed. 

COLLECTOR  AREA  DEPENDENT  COSTS 

Some  of  the  extra  costs  of  a  solar  heating  system  above  the 
conventional  system  are  collector  area  dependent.  These  include  the 
cost  of  storage  and  of  the  collector. 

CONSTANT  SOLAR  COSTS 

This  refers  to  extra  costs  of  solar  heating  systems  above  the 
conventional  system  which  are  not  dependent  on  the  collector  size. 
Examples  are  costs  for  architectural  modifications,  piping  or  ducts, 
controls,  pumps  or  blowers,  etc. 

DOWN  PAYMENT  {%   OF  ORIGINAL  INVESTMENT) 

The  original  investment  refers  to  the  extra  investment  required  to 
put  in  the  solar  system.  Therefore,  the  percentage  which  is  paid  down 
on  the  solar  system  equals  the  ratio  of  the  incremental  increase  in  the 
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down  payment  required  by  the  lender  to  the  incremental  increase  in 
the  size  of  the  loan  required  due  to  the  solar  system. 

ANNUAL  INTEREST  RATE  ON  MORTGAGE 

This  is  the  annual  interest  rate  charged  by  your  lender. 

TERM  OF  THE  MORTGAGE 

The  number  of  years  over  which  you  must  pay  off  the  loan. 

ANNUAL  NOMINAL  (MARKET)  DISCOUNT  RATE 

This  refers  to  the  annual  rate  of  return  which  you  make  with  your 
money  in  your  best  investment  opportunity.  The  annual  nominal  or  market 
rate  of  return  equals  the  real  rate  of  return  plus  the  general  inflation 
rate.  For  the  typical  homeowner,  the  real  rate  of  return  is  1-2  percent; 
for  business,  3-4  percent. 

EXPENSES  (INSURANCE,  MAINTENANCE)  OF  SYSTEM  IN  FIRST  YEAR 

All  additional  yearly  expenses  due  to  the  solar  system  which  cannot 
be  input  anywhere  else  should  be  included  here. 

ANNUAL  INCREASE  IN  ABOVE  EXPENSES 

Allowance  can  be  made  for  the  annual  rate  of  increase  of  insurance 
and  maintenance  costs  (i.e.,  the  general  inflation  rate)  via  this 
parameter. 

PRESENT  COST  OF  AUXILIARY  FUEL  (CF) 

This  is  the  actual  present  cost  of  the  backup  system  fuel,  times  100, 
divided  by  the  efficiency  of  the  backup  system  heating  unit.  The  actual 
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present  cost  of  the  fuel  should  include  any  fuel  adjustment  charges 
beyond  the  standard  rate. 

CF  RISE:  LINEAR  =  1,  %/yr  =  2,  SEQUENCE  OF  VALUES  =  3 

The  program  user  may  allow  fuel  costs  to  rise  in  any  of  three 
possible  ways  so  that  any  scenario  can  be  investigated.  These  increases 
should  include  general  inflation  plus  any  net  increases  in  fuel  costs. 

IF  1 ,  WHAT  IS  THE  SLOPE  OF  CF  INCREASE? 

If  a  linear  fuel  cost  rise  is  assumed,  the  slope  of  increase  is 
required.  Otherwise  this  parameter  is  ignored. 

IF  2,  WHAT  IS  THE  ANNUAL  RATE  OF  CF  RISE? 

If  a  %/yr  fuel  cost  rise  is  desired,  the  annual  rate  of  fuel  cost 
increase  must  be  input  here.  Otherwise  this  parameter  is  ignored. 

ECONOMIC  PRINTOUT  BY  YEAR  =  1,  CUMULATIVE  =  2 

If  a  yearly  printout  is  desired,  several  cash  flows  are  printed  each 
year  of  the  economic  analysis.  If  a  cumulative  printout  is  desired,  the 
present  value  of  the  yearly  costs  over  the  period  are  output  for  the 
building  with  and  without  a  solar  energy  system. 

EFFECTIVE  FEDERAL-STATE  INCOME  TAX  RATE 

State  income  taxes  paid  are  deductible  on  federal  returns;  therefore, 
the  effective  federal -state  income  tax  rate  is  calculated  as 

Effective  Rate  =  Federal  Rate  +  State  Rate  -  (Federal  Rate)  x  (State  Rate) 
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TRUE  PROPERTY  TAX  RATE  PER  $  OF  ORIGINAL  INVESTMENT 

Property  tax  rates  are  applied  to  your  assessed  value.  Therefore, 
an  estimate  of  assessed  value  as  a  percentage  of  original  investment  is 
required  so  that 

Tax  Rate _  /   Tax  Rate   v   /  Assessed  Value  \ 

$  Original  Invest.   ^Assessed  Value'  x  ^Original  Invest. 

INCOME-PRODUCING  BUILDING?  YES  =  1 ,  NO  =  2 

The  economic  analysis  for  commercial  and  residential  buildings  is 
different  because  businesses  benefit  from  more  income  tax  deductions  due 
to  the  added  investment  required,  for  the  solar  heating  system.  For  the 
homeowner,  interest  and  property  taxes  paid  are  deductible  on  income 
taxes.  For  a  business,  interest,  depreciation,  fuel  expenses,  property 
taxes  and  maintenance  and  insurance  costs  are  all  deductible. 

If  your  building  is  not  income-producing  and  does  not  qualify  as  a 
business  investment,  the  remaining  parameters  are  ignored. 

The  yearly  cost  equations  were  given  earlier.  For  a  non-income- 
producing  building,  such  as  a  residence,  the  income  tax  terms  are  given 
below. 

income  tax  =  tax  x  (interest  paid  +  property  tax  paid) 
decrease  rate 
with  solar 

income  tax  =  0 
decrease 
w/o  solar 

However,  for  a  commercial  building  the  income  tax  terms  are  as 
follows: 

income  tax = tax  x  (interest + property + misc.  +  backup  system + depreciation) 
decrease   rate    paid     tax   expense   fuel  cost 
with  solar  paid 
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income  tax  =  tax  rate  x  (conventional  system  fuel  costs) 
decrease 
w/o  solar 

Although  commercial  building  owners  have  more  income  tax  deductions 
due  to  the  solar  investment  than  homeowners,  they  do  not  save  as  much  in 
fuel  costs  since  fuel  costs  are  deductible  whether  or  not  they  install 
a  solar  heating  system. 

Keep  in  mind  that  the  interest,  property  tax,  miscellaneous  expense, 
and  depreciation  deductions  refer  only  to  the  incremental  increase  in 
these  deductions  due  to  the  solar  investment.  Therefore,  these  terms  do 
not  appear  in  the  "without  solar"  income  tax  decrease  equation. 

DEPRECIATION:  STRAIGHT  LINE  =  1,  DECLINING  BALANCE  =  2,  SUM-OF-YEARS 
-  DIGITS  =  3,  NONE  =  4 

Any  of  the  standard  methods  of  depreciation  can  be  used.  Depreciation 

deductions  due  to  the  extra  investment  due  to  solar  are  calculated  in  order 

to  estimate  the  income  tax  savings. 

IF  2,  WHAT  PERCENT  OF  STRAIGHT-LINE  DEPRECIATION  RATE  IS  DESIRED? 

The  federal  government  allows  several  rates  at  which  investments 
can  be  written  off  using  the  declining  balance  method.  These  rates  are 
expressed  as  the  percent  of  straight-line  depreciation  rate  allowed. 

USEFUL  LIFE  FOR  DEPRECIATION  PURPOSES 

This  is  the  length  of  time  over  which  you  intend  to  depreciate  out 
your  investment. 
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SALVAGE  VALUE  AT  END  OF  DEPRECIATION  PERIOD 

An  estimate  of  the  system's  salvage  value  at  the  end  of  the 
depreciation  period  is  required  in  order  to  calculate  depreciation. 

This  procedure  will  be  illustrated  during  the  computation  sessions 
using  the  interactive  computer  terminal. 
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Table  8-7.     Fuel   Cost  Factors 
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Table  8-8.     Fuel   Cost  Factors 


ANNUAL 
NUMBER 
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Table  8-9.     Fuel   Cost  Factors 


ANNUAL  RATE    OF    FUEL    INCREASE    =     .04 

NUMBER  OF    YEARS    =    20 

I            0.08  0.09                0.10  Q.li  0.12 

.10  11.9227  10.9626  10.1146  9.3629  8.6946 

.12  11.6578  10.7190  9.8898  9.1548  8.5014 

•  14  11.3923  10.4754  9.6650  8.9468  8.3082 

.16  11.1279  10.2318  9.4*02  3.7387  8.1150 

.18  10.8629  9.9882  9.2155  8.5307  7.9217 

.20  10.5980  9.7*£»6  3.9907  8.3226  7.7285 

.22  10.3330  9.5010  8.7659  8.1145  7.5353 

.24  10.0681  9.2573  8.5412  7.9065  7»3421 

.26  9.8C31  9.0137  8.3164  7.6934  7.1489 

.28  9.5382  .8.7701  3.3916  7.4903  6.9557 

.30  9.2732  8.5265  7.3669  7.2823  6.7625 

.32  9.0083  8.2329  7.6421  7.3742  6.5693 

.34  8.7433  B.0393  7.4173  6.8661  6.3760 

.36  8.*784  7.7957  7.1926  6.6581  6.1828 

.38  8.2134  7.5520  6.9678  6.4500  5.9896 

.*0  7.9485  7.3084  6.7430  6.2419  5.7964 

.42  7.6835  7,06*3  6.5183  6.0339  5.6032 

.*♦*  7.4186  6.8212  6.2935  5.8258  5.4100 

.46  7.1536  6.5776  6.3687  5.6177  5.2168 

.48  6.8887  6.3340  5.8440  5.4097  5.0235 

.50  6.6237  6.0304  5.6192  5.2016  4.8303 

.52  6.3588  5.3467  5.3944  4.9936  4.6371 

.54  6.0938  5.6331  5.1697  4.7855  4.4439 

.56  5.8289  5.3595  4.9449  4.5774  4.2507 

.58  5.5639  5.1159  4.7201  4.3694  4.0575 

.60  5.2990  *.8723  4.*954  4.1613  3.8643 

.62  5.0340  4.6287  4.2706  3.9532  3.6711 

.6**  4.7691  *.3851  4.0*58  3.7*52  3.*778 

.66  4.5041  *.1414  3.8211  3.5371  3.28*6 

.68  4.2392  3.8978  3.5963-  3.32S0  3.0914 

.70  3.9742  3.6542  3.3715  3.1210  2.8982 

.72  3.7093  3.4106  3.1*67  2.9129  2.7050 

.7*  3.4*43  3.1670  2.9220  2.73*8  2.5118 

.76  3.1794  2.9234  2.6972  2.4968  2.3186 

.78  2.9144  2.6798  2.4724  2.2887  2.1253 

-.80  2.6*95  2.4361  2.2477  2.0806  1.9321 

.82  2.38*5  2.1925  2.0229  1.8726  1.7389 

.84  2.1196  1.9t»d9  1.7981  1.6645  1.5457 

.86  1.85*6  1.7353  1.5734  1.4565  1.3525 

.83  1.5897  1.4617  1.3486  1.2484  1.1593 

.90  1.3247  1.2181  1.1238  1.0*03  .9661 
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Table  8-10.     Fuel   Cost  Factors 


AAJNIML  RATE    OF    FUEL    INCREASE    =    .06 

NUMBER  OF    YEARS    =    20 

I            0.08  0.09  0.13  0.11  0.12 

.10  1<».0362  12.332<»  11.7738  10.8397  10.0129 

.12  13.72^3  12.5<*73  11.5122  10.5)88  9.790«» 

.!<♦  13.^123  12.2621  11.2505  10.3580  9.5679 

.16  13.100«t  11.9769  10.9889  10.1171  9.3<»5<* 

.18  12.7885  11.6918  10.7272  9.3762  9.1229 

.20  12.<*766  11.^066  10.«V656  9.6353  8.9Q0«« 

.22  12.16<»7  11.121<t  10.20t»0  9.39^  8.6778 

.2*»  11.8528  10.8363  9.9^23  9.1535  S.^553 

.26  11.5*408  10,5511  9.6807  3.9127  8.2328 

.23  .11.2289  10.2660  9.  M90  8.6716  8.0103 

.30  10.917G  9.9808  9.157<»  8,<»309  7.7378 

.32  10.6051  9.6956  8.3958  8.1900  7.5653 

.3<f  10.2932  9.MQ5  8.63<*1  7.9<*91  7.3<»28 

.35  9.9313  9.1253  8.3725  7.7032  7.1203 

.38  9.669<»  8.8«*C1  8.1108  7. '467**  6.8978 

.«*0  9.357«*  8.5550  7.8^92  7.2265  6.6753 

.«»2  9. 0^55  8.2698  7.5876  6.9856  6.U528 

.<♦<♦  8.7336  7.93<*6  7.3259  6.7««<*7  6.2302 

.U6  8.»>217  7.6995  7.06<»3  6.5038  6.0077 

.<*8  8.1098  7.MU3  6.8026  6.2629  5.7852 

.50  7.7979  7.1291  6.5M0  6.0221  5.5627 

.52  7.*»860  6.8<*'»0  6.279<»  5.7812  5.3tf02 

.5W  7. 17£»0  6.5588  6.0177  5.5<*Q3  5.1177 

.56  6.8621  6.2736  5.7561  5.299**  ^.8952 

.58  6.5502  5.3385  5.<f9<*<>  5.0535  <«.6727 

.60  6.2383  5.7333  5.2328  **.8l77  U.U5C2 

.62  5.926*»  5.«*181  **.9712  «».5768  U.2277 

.6«*  5.61«>5  5.1330  <».7095  <».3359  <*.0052 

.66  5.3326  U.*<*78  «V.**t»79  <».Q950  3.7827 

.68  <».9906  *>.5626  <*.1862  3.85M  3.5601 

.70  t».6787  U.2775  3.92<*6  3.6132  3.3376 

.72  ^.3668  3.9323  3.6630  3.372*»  3.1151 

.7k  t».05«V9  3.7071  3.*>Q13  3.1315  2.8926 

.76  3.7*»30  3.^220  3.1397  2.8906  2.6701 

.78  3.*»311  3.1368  2.8780  2.6«»97  2.hk7b 

.80  3.1191  2.3517  2.616<»  Z.kQ66  2.2251 

.62  2.8072  2.5665  2.35<V3  2.1679  2.0026 

.8<»  2.<*953  2.2813  2.0931  1.9271  1.7801 

.86  2.183«*  1.9962  1.8315  1.6862  1.5576 

.83  1.8715  1.7110  1.5693  l.i><*53  1.3351 

.90  1.5596  1.U258  1.3082  1.23<»<»  1.1125 
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Table  8-11.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =     .08 
NUMBER    OF    YEARS    =    20 


I 

0.08 

0.09 

0.10 

0.11 

0.12 

F 

-».-- 

.... 

.... 

..... 

...  . 

.10 

16.6667 

15.1507 

13.8230 

12.6565 

11.6283 

.12 

16.2963 

14.8140 

13.5159 

12.3752 

11.3699 

.14 

15*9259 

14.4773 

13.2037 

12.0940 

11.1115 

•  16 

15.5556 

14.1407 

12.9015 

11.8127 

10.8531 

.18 

15.1852 

13.8040 

12.5943 

11.5315 

10.5947 

.20 

14.8148 

13.4673 

12.2871 

11.2502 

10.  3363 

.22 

14, 4444 

13.1306 

11.9800 

10.9690 

10.0779 

.24 

14.0741 

12.7939 

11.6728 

10.6877 

9.8195 

.26 

13. 7037 

12.4573 

11.3656 

10.4365 

9.5611 

.28 

13. 3333 

12.1206 

11.0584 

10.1252 

9.3026 

.30 

12.9630 

11.7839 

10.7512 

9.8439 

9.0442 

.32 

12.5926 

11.4472 

10.4441 

9.5627 

8.7858 

.34 

12.2222 

11.1105 

10.1369 

9.2814 

8.5274 

.36 

11.8519 

10. 7738 

9.8297 

9.0002 

8.2690 

.38 

11.<*815 

10.4372 

9.5225 

8.7189 

8.0106 

.40 

11. 1111 

10.1005 

9.2154 

8.4377 

7.7522 

.42 

10.7407 

9.7638 

8.9082 

8.1564 

7.4938 

.44 

10.3704 

9.4271 

8.6010 

7.8752 

7.2354 

.46 

10.0000 

9.0904 

3.2938 

7.5939 

6.9770 

.48 

9.6296 

8,7537 

7.9866 

7.3126 

6.7186 

.50 

9.2593 

8.4171 

7.6795 

7.0314 

6.4602 

.52 

8. 8889 

8.0804 

7.3723 

6.7501 

6.2013 

.54 

8.5185 

7.743  7 

7.0651 

6.4689 

5.9434 

.56 

8.  1481 

7.4070 

6.7579 

6.1876 

5.6850 

.58 

7. 7778 

7.0703 

6.4507 

5.9064 

5.4265 

.60 

7.4074 

6.733  7 

6.1436 

5.6251 

5.1681 

.62 

7.0370 

6.3970 

5.8364 

5.3439 

4.90  9  7 

.64 

6.6667 

6.060  3 

5.5292 

5.0  62  6 

4.6513 

.66 

6.2963 

5.7236 

5.2220 

4.7813 

4.3929 

.68 

5.9259 

5.3869 

4.9149 

4.5001 

4.1345 

.70 

5.5556 

5.0  50  2 

4.6077 

4.2188 

3.8761 

.72 

5.1852 

4.7136 

4.3005 

3.9376 

3.6177 

.74 

4. 8148 

4.3  76  9 

3.9933 

3.6563 

3.3593 

.76 

4.4444 

4.0402 

3.6861 

3.3751 

3.1009 

.78 

4. 0741 

3.7035 

3.3793 

3.0938 

2.8425 

•  80 

3. 7037 

3,3668 

3.0718 

2.8126 

2.5841 

.82 

3.3333 

3.0  301 

2.7646 

2.5313 

2.3257 

.84 

2.9630 

2.6935 

2.4574 

2.2500 

2.0673 

.86 

2.5926 

2.3568 

2.1502 

1.9688 

1.8088 

.88 

2.2222 

2.0  20  1 

1.8431 

1.6875 

1.5504 

.90 

1.8519 

1.6834 

1.5359 

1.4063 

1.2920 
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Table  8-12.     Fuel    Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =    .10 
NUMBER    OF    YEARS    =    20 


0.08  0.09  0.10  0.11  0.12 


F 

---- 

—  —  - 

----. 

---  — 

•—  -- 

•  10 

19.9518 

18.0354 

16.3636 

14.9006 

13.6162 

.12 

19.5J084 

17.5347 

16.0000 

14.5694 

13.3136 

.14 

19.0650 

17.2339 

15.6364 

14.2383 

13.0110 

.16 

18.6217 

16.8331 

15.2727 

13.9072 

12.708i» 

.18 

18.1783 

16.4323 

14.9091 

13.5761 

12.4059 

.20 

17.7349 

16.0315 

14.5455 

13.2450 

12.1033 

.22 

17.2915 

15.6307 

14.1818 

12.9138 

11.8007 

.24 

16.8482 

15.2299 

13.8182 

12.5327 

11.4981 

.26 

16.4048 

14,8291 

13.4545 

12.2516 

11.1955 

.23 

15.9614 

14.428  4 

13.0909 

11.9205 

13.3929 

.30 

15.5181 

14.0276 

12.7273 

11.5893 

10. 5904 

.32 

15.0747 

13.6268 

12.3636 

11.2582 

10.2878 

.34 

1U.6313 

13.2260 

12.0000 

10.9271 

9.9852 

•  36 

14.1879 

12.8252 

11.636t» 

10.5960 

9.6826 

.3* 

13.7446 

12.«*244 

11.2727 

10.2648 

9.3300 

.40 

13.3012 

12.0236 

10.9091 

9.9337 

9.0775 

.t*2 

12.8578 

11.6228 

10.5455 

9.6026 

8.7749 

.44 

12.4144 

11.2221 

10.1818 

9.2715 

8.4723 

.46 

11.9711 

10.8213 

9.8132 

3.9403 

3.1697 

.48 

11.5277 

10.4205 

9.4545 

8.6092 

7.8671 

.50 

11.0843 

10.0197 

9.0909 

3.2781 

7.5645 

.52 

10,6410 

9.6189 

8.7273 

7.9470 

7.2620 

.5<* 

10.1976 

9.2181 

8.3636 

7.6158 

6.9594 

.56 

9.7542 

8.8173 

8.0000 

7.2847 

6.6568 

.58 

9.3108 

8.4165 

7.6364 

6.9536 

6.3542 

.60 

8. 8675 

8.0158 

7  .2727 

6.6225 

6.0516 

.62 

8.4241 

7.6150 

6.5091 

6.2914 

5.7491 

.64 

7.9807 

7.2142 

6.5455 

5.9602 

5.4465 

.66 

7.5373 

6.8134 

6.1818 

5.6291 

5.1439 

.68 

7.0940 

6.4126 

5.3132 

5.2'j30 

4.8413 

.70 

6.6506 

6.0118 

5.4545 

4.9669 

4.5387 

.72 

6.2072 

5.6110 

5.0909 

*».6357 

4.2361 

.74 

5.  7638 

5.2102 

4.7273 

4.3346 

3.9336 

.76 

5.3205 

4.8095 

4.3636 

3.9/3  5 

3.6310 

.78 

4.8771 

4.4087 

u.0000 

3.6*24 

3.3284 

•  30 

4.4337 

4.0079 

3.636<4 

3.3112 

3.025? 

.82 

3.990  4 

3.6071 

3.2727 

2.9H-31 

2.7212 

.84 

3.5470 

3.2063 

2.9091 

2.6490 

2.4207 

.86 

3.1036 

2.8055 

2.5U55 

2.3179 

2.1181 

•  88 

2.6602 

2.<»04  7 

2.1818 

1.9367 

1.8155 

.90 

2.2169 

2.0039 

1.8182 

1.6556 

1.5129 
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Table  8-13.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =    .12 
NUK6ER    OF    YEARS    =    20 


0.06 


0.09 


0.10 


0.11 


0.12 


F 

_--„ 

..«■«. 

_— _• 

-.--.- 

—  — — 

.10 

24. 0659 

21.6359 

19.5237 

17.6821 

16.071** 

.12 

23.5311 

21.1551 

19.0898 

17.2e91 

15.7143 

.1* 

22.9963 

20.6743 

18.6560 

16.8962 

15.3571 

.16 

22.4615 

20.1935 

13.2221 

16.5333 

15.0000 

.13 

21.9267 

19.7127 

17.7883 

16.1103 

14.6429 

.20 

21.3919 

19.2319 

17.3544 

15.7174 

14.2857 

.22 

20.8571 

18.7511 

16.9205 

15.3245 

13.9286 

.24 

20.3223 

13.2703 

16.4867 

14.9315 

13. 5714 

.2& 

19.7375 

17,7395 

16.0528 

It*. 5386 

13.2143 

.28 

19.2527 

17.3087 

15.6190 

14.1457 

12.8571 

.30 

13.7179 

16.8279 

15.1851 

13.7527 

12.5000 

.32 

18.1331 

16.3471 

14.7512 

13.3598 

12.1429 

.34 

17.6483 

15.3  663 

14.3174 

12.9568 

11.7857 

.36 

17. 1135 

15.3855 

13.3835 

12.5739 

11.4286 

.35 

16.5787 

14.9047 

13.4497 

12.1810 

11.0714 

.40 

16.0439 

14.4239 

13.0158 

11.7880 

10.7143 

.42 

15,5091 

13.9431 

12.5819 

11.3951 

10.3571 

.44 

14.9  743 

13.4623 

12.1481 

11.0022 

10.0000 

.46 

1^.^395 

12.3815 

11.7142 

10.6092 

9.6429 

.48 

13.9047 

12.5007" 

11.2804 

10.2163 

9.2357 

.5  J 

13.3699 

12.0199 

10.3465 

9.8234 

8.9286 

.52 

12.8351 

11.5391 

13.4126 

9.4304 

3.5714 

.54 

12.3003 

11.0583 

9.9788 

9.0375 

8.2143 

.56 

11.7655 

10.5776 

9.5449 

1.6^46 

7.8571 

.58 

11.2307 

10.0968 

9.1111 

3.2516 

7.5000 

.60 

10.6959 

9.6160 

8.6772 

7.8587 

7.1429 

.62 

10. 1612 

9.1352 

8.2433 

7.4658 

6.7857 

.64 

9.6264 

3.6544 

7.8095 

7.0728 

6.4286 

.66 

9.0916 

8.1736 

7.3756 

6.6799 

6.0714 

•  63 

8.5568 

7.6  92  8 

6.9418 

6.2370 

5.7143 

.7  J 

3.022C 

7.2120 

6.5079 

5.3  94  0 

5.3571 

.72 

7.«*872 

6  .  7  31  2 

6.0740 

5.5311 

5.00C0 

.74 

6.952** 

6.2534 

5.6402 

5.1382 

4.6429 

.75 

6.4176 

5.7696 

5.2063 

4.7152 

4.2857 

.73 

5.8823 

5.2383 

4.7725 

4.3223 

3.9286 

.40 

5.3480 

4.3080 

4.3386 

3.9293 

3.5714 

.■>? 

4.8132 

4.3272 

3.9347 

3.5364 

3.2143 

.84 

4.2784 

3.  *464 

3.4709 

3.1435 

2.3571 

.36 

3.  7436 

3.3656 

3.0370 

2.7505 

2.5000 

.88 

3.2088 

2.8848 

2.6032 

2.3576 

2.1429 

.90 

2.6740 

2.4040 

2.1693 

1.9647 

1.7857 
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Table  8-14.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL     INCREASE    =0.00 
NUMBER    OF    YEARS    =    25 

I  0.08  0.09  0.10  0.11  0.12 


.10 

9.6073 

8.8**Q3 

8.1693 

7.5796 

7.0588 

.12 

9.3938 

8.6**39 

7.9878 

7.<*111 

6.9020 

.1** 

9*1803 

8.<***7<* 

7.8063 

7.2**27 

6.7**51 

.16 

8.9668 

8.2510 

7.62**7 

7.07**3 

6.5882 

.18 

8. 7533 

8.3  5<*5 

7.«***32 

6.9058 

6.**31** 

.20 

8.5398 

7.8581 

7.2616 

6.737** 

6.27**5 

.22 

8. 3263 

7.6616 

7.0831 

6.5690 

6.1176 

.2** 

8. 1128 

7.**652 

6.8986 

6.**005 

5.9o08 

.26 

7.8993 

7.2687 

6.7170 

6.2321 

5.8039 

.28 

7.6858 

7.0723 

6.5355 

6.0637 

5.  6**  71 

•  30 

7.**723 

6.8  75  8 

6.3539 

5.8952 

5.**902 

.32 

7.2588 

6.  679** 

6.172** 

5.7268 

5.3333 

.3t* 

7.0**5«* 

6.**329 

5.9908 

5.558** 

5.1765 

.36 

6. 8319 

6.2865 

5.8093 

5.3399 

5.3196 

.38 

6.618** 

6.0  90  0 

5.6278 

5.2215 

**.8627 

.**G 

6.«*0**9 

5.8935 

5.****62 

5.0530 

«*.7059 

.«*2 

6.191** 

5.6971 

5.26**7 

**.88**6 

«*.5**90 

.<♦*♦ 

5.977S 

5.5006 

5.0831 

**.7162 

**.3922 

.«*6 

5.  76**** 

5.30**2 

<*.9Q16 

**.5**77 

**.2353 

•  <*8 

5.5509 

5.1077 

<*.7201 

**.3793 

**.078** 

.50 

5.337** 

V.9113 

<*.5385 

«*.2109 

3.9216 

.52 

5.1239 

<*.71«*8 

**.3570 

**.0**2<* 

3.76**7 

.5** 

**.910*» 

**.513<* 

**.175*» 

3.87**0 

3.6078 

.56 

**.6969 

**.3219 

3.9939 

3.7056 

3.**510 

.53 

**.«*83** 

**.1255 

3.812** 

3.5371 

3.29«*1 

.60 

**.2699 

3.9290 

3.630d 

3.3687 

3.1373 

.62 

**.056** 

3.7326 

3.«***93 

3.2003 

2.980** 

.6** 

3.  8**29 

3.5361 

3.2677 

3.0318 

2.8235 

.66 

3.  629<* 

3.3397 

3.0862 

2.8  63** 

2.6667 

.68 

3.**159 

3.1**32 

2.90<v7 

2.6950 

2.5098 

.70 

3.202*4 

2.9V6  8 

2.7231 

2.5265 

2.35  2  9 

.72 

2.9889 

2.7503 

2.5**16 

2.3581 

2.1961 

.7*» 

2.  775<* 

2.5539 

2.36C0 

2.1897 

2.0392 

.76 

2.5619 

2.357** 

2.1755 

2.0212 

1.832** 

.78 

2.3U85 

2.1610 

1.9969 

1.8528 

1.7255 

.80 

2.4350 

i.96**5 

1.815** 

1.68**3 

1.5686 

.82 

1.9215 

1.7681 

1.6339 

1.5159 

l.**118 

.8** 

1.7080 

1.5716 

l.**523 

1.3**75 

1.25**9 

.86 

1.  «*9**5 

1.3  75  2 

1.2703 

1.1790 

1.0983 

.88 

1.2810 

1.1787 

1.0892 

1.0106 

.9«*12 

.90 

1.0675 

.9823 

.9077 

.8**22 

.78«*3 
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Table  8-15.     Fuel   Cost  Factors 


ANNUAL  RATE  OF  FUEL  INCREASE  =  .02 
NUMBER  OF  YEARS  =  25 

I     0.08       0.09       0.10       0.11       0.12 


F 

_-•-_. 

_---. 

---— 

...... 

---  — 

.10 

11.1*066 

lo.mio 

9.51*65 

8.7921* 

3.1311* 

.12 

11.1532 

10.1796 

9.33«*<« 

8.5970 

7  .  95  0  7 

.1«* 

10. 3997 

9.9<*83 

9.1222 

8.W016 

7.77  0  0 

.16 

10.  6*»62 

9.7169 

8.9101 

8.2062 

7.5891* 

.18 

10. 3927 

9.1*856 

8.6979 

8.0108 

7.1*087 

.20 

10.1392 

9.251*2 

8.1*858 

7.3155 

7.2280 

.22 

9. 8857 

9.0228 

8.2736 

7.6201 

7.Q1»73 

.2<4 

9.6323 

8.7915 

8.0615 

7.<*2<*7 

6.8666 

.26 

9. 3788 

8.5601 

7.8<«9*f 

7.2293 

6.6859 

.28 

9.1253 

8.3288 

7.6372 

7.0339 

6.5052 

.30 

8. 8718 

8.1971* 

7.1*251 

6.8385 

6.321*5 

.32 

8.6183 

7.8661 

7.2129 

6.61*31 

6.11*38 

•  3«» 

8.361*9 

7.b3U7 

7.0008 

6.1*1*77 

5.9631 

.36 

rt.lll** 

7.i>Q3k 

6.7886 

6.2521* 

5.7821* 

.38 

7.8579 

7.1720 

6.5765 

6.0570 

5.6017 

•  M) 

7.6Q«*«* 

6.9<+06 

6.36k3 

5.8616 

5.U210 

,<*2 

7.3509 

6.7093 

6.1522 

5.6662 

5.2i*0  3 

.<*(» 

7.0975 

6.1*779 

5.9U01 

5.1*708 

5.0596 

.1*6 

6.  8<*i*G 

6.21*66 

5.7279 

5.2751* 

i*.8789 

•  <*a 

6.5905 

6.0152 

5.5158 

5.0800 

i*.6982 

.53 

6. 3370 

5.7  83  9 

5.3036 

i*. 881*7 

i».5175 

.52 

6. 0835 

5  .  5  52  5 

5.0915 

t*.6893 

i*.3368 

,5k 

5.8  301 

5.3212 

t*.8793 

i». 1*939 

i*.1561 

.56 

5.5766 

5.0898 

i*.6672 

i*.2985 

3.9751* 

.58 

5.3231 

i*.3585 

i*. 1*550 

i*.1031 

3.791*7 

.60 

5. U696 

<*.6271 

«4.2<*29 

3.9077 

3.611*0 

.62 

i*.8161 

«*.3957 

t».0307 

3.7123 

3.1*333 

•  6<» 

t*.5627 

k.lbkk 

3.8186 

3.3170 

3.2526 

.66 

i*.3Q92 

3.9330 

3.6C65 

3.3216 

3.0719 

.68 

U.0557 

3.7017 

3.391*3 

3.1262 

2.8912 

.70 

3.8  0  22 

3.J»703 

3.1822 

2.9308 

2.7105 

.72 

3.51*87 

3.2390 

2.9700 

2.735U 

2.5298 

.7k 

3.2952 

3.0076 

2.7579 

2.51*0  0 

2.31*91 

.76 

3.0^18 

2.7763 

2.51*57 

2.3i*<*6 

2.1681* 

.78 

2.7883 

2.5i*i*9 

2. 5336 

2.1W92 

1.9877 

.80 

2.53U8 

2.3135 

2.121<» 

1.9539 

1.8070 

.82 

2.2813 

2.0322 

1.9093 

1.7585 

1.6263 

.8<* 

2.0278 

1.85C8 

1.6972 

1.5631 

l.i*  1*56 

.86 

1. 77kh 

1.6195 

1.1*850 

1.3677 

1.261*9 

.88 

1.5209 

1.1 881 

i.2729 

1.172  3 

1.081*2 

.90 

1.2671* 

1.1568 

1.0607 

.9769 

.9035 
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Table  3-16.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =     .  0<* 
NUMBER    OF    YEARS    =    25 

I  0.08  0.09  0.10  0.11  0.12 


F 

.... 

.... 

.... 

.... 

.... 

.10 

13,  7«»17 

ie.<»353 

11.3C93 

10.33«»2 

9.<»859 

.12 

13.^363 

12.1589 

11.0580 

10.10<»6 

9.2751 

.Ik 

13; 130 9 

11.8826 

10.8067 

9.37<»9 

9.36W3 

.16 

12.8255 

11.6063 

10.555«» 

9.6^53 

8.8535 

.18 

12.5202 

11.3299 

10.30<»0 

9.M56 

8.6<*27 

.20 

12.21^3 

11.0536 

10.0527 

9.1860 

8.U319 

.22 

11.909<» 

10.^772 

9.801<» 

3.9563 

3.2211 

.2<* 

11.60M 

10.5009 

9.5501 

8.7267 

8.0103 

.26 

11.2987 

10.22^6 

9.2988 

8.<»970 

7.7995 

.28 

10.9933 

9.9^82 

9.Q**7<* 

8.267<» 

7.5887 

.30 

10.6880 

9.6719 

8.7961 

8.0377 

7.3779 

.32 

10.3826 

9.3955 

8.5^*»8 

7.8381 

7.1671 

.3<* 

10.0772 

9.1192 

8.2935 

7.578U 

6.9563 

.36 

9.  7718 

8.9U29 

8.0<»22 

7.3U86 

6.7U55 

.3% 

9. U665 

8.5665 

7.7909 

7.1191 

6.53<»7 

.U0 

9.1611 

8.2902 

7.5395 

6.8395 

6.3239 

.UZ 

8,8557 

8.0138 

7.2882 

6.6598 

6.1131 

.*♦<♦ 

8.550^ 

7.7375 

7.0369 

6.<*302 

5.9023 

,Uo 

8.2<*50 

7.U612 

6.7856 

6.2005 

5.6915 

.t»8 

7,9396 

7. 18^8 

6.53<»3 

5.9709 

5.«»8Q7 

.50 

7.63<»3 

6.9085 

6.2829 

5  .  7  cii  2 

5.2699 

.52 

7.3289 

6.6321 

6.0316 

5.5116 

5.0591 

.5«* 

7.  0235 

6.355  8 

5.7803 

5.2819 

t».8U8  3 

.56 

6.7181 

6.0  795 

5.5290 

5.0523 

«».6375 

.51 

6.<*128 

5.8031 

5.2777 

<».8226 

<*.<»267 

.60 

6.  1Q7U 

5.5268 

5.026<» 

<».5930 

<».2159 

.62 

5. 8020 

5.2505 

<*.775Q 

<».3633 

W.0051 

.6<» 

5. ^967 

<*.97W1 

<».5237 

<*.1337 

3.79<»3 

.66 

5.1<U3 

*».6978 

t*.Z7Z(* 

3.93*»0 

3.5835 

•  68 

k. 8859 

<».<»21<» 

V.0  211 

3.67«»<f 

3.3727 

.70 

«».5f.0  6 

'4.1*»51 

3.7698 

3.k-*<*7 

3.1623 

.72 

^♦.2752 

3.8688 

3.5185 

3.2151 

2.9512 

,7U 

3.9698 

3.592«» 

3.2671 

2.935*» 

2.7<»0«» 

.76 

3.66^ 

3.3161 

3.9158 

2.7558 

2.5296 

.78 

3.3591 

3.0397 

2.76^5 

2.5261 

2.3188 

.80 

3.0^37 

2.763t» 

2.5132 

2.2965 

2.1080 

.82 

2.  71*83 

2.U371 

2.2619 

2.0668 

1.3972 

.8^ 

?.^30 

2.2107 

2.3105 

1.8372 

1.686U 

•  86 

2.1376 

1.93UU 

1.7592 

1.6075 

l.<*756 

•  88 

1.8322 

1.6580 

1.5079 

1.3779 

1.26<«8 

.90 

1.5269 

1.3817 

1.2566 

1.1U82 

1.05<»0 
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Table  8-17.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =    .06 
NUMGER   OF    YEARS    =    25 


0.08 


0.09 


0.10 


0.11 


0.12 


F 

— --.- 

---• 

_-  — 

-__— 

---  - 

.10 

16.7990 

15.3  681 

13.5872 

12.3135 

11.2131 

.12 

16.1256 

1*»;7336 

13.2853 

12.0399 

10.9639 

.11 

16.0523 

11.3987 

12.9831 

11.7662 

10.7117 

.16 

15.6790 

11.0639 

12.6811 

11.1926 

10.1655 

.1ft 

15.3057 

13.7290 

12.3795 

11.2190 

10.2161 

.23 

11.9321 

13.3912 

12.0776 

13  .9153 

9.9672 

.22 

11.5591 

13.0593 

11.7756 

10.6717 

9.7180 

.21 

11.1858 

12.7215 

11.1737 

10.3981 

9.1688 

.26 

13.8125 

12.3896 

11.1717 

10.1211 

9.2196 

.25 

13.1392 

12.0517 

13.3698 

9.8508 

8.9705 

.30 

13.0659 

11.7199 

10.5679 

9.5772 

8.7213 

.32 

12.6925 

11.3850 

10.2659 

9.3035 

8.1721 

.31 

12.3192 

11.0502 

9.9610 

9.0299 

8.2229 

.36 

11.9159 

10.7153 

9.6620 

8.7563 

7.9737 

.38 

11.5726 

10.3805 

9.3601 

3.1826 

7.7216 

.10 

11.1993 

10.0t56 

9.0582 

8.2090 

7.1751 

.12 

10.8260 

9.7108 

8.7562 

7.9351 

7.2262 

.11 

10.1527 

9.  3759 

5.1513 

7.6617 

6.9770 

.16 

10.0791 

9.0111 

8.1523 

7.3881 

6.72  7  8 

.18 

9.7061 

8.7062 

7.8501 

7.1115 

6.1787 

.53 

9.3328 

8.3711 

7.5185 

6.8108 

6.2295 

.52 

8.9591 

8.0365 

7.2165 

6.5672 

5.9803 

.51 

8.5861 

7.7016 

6.9116 

6.2936 

5.7311 

.56 

8.2128 

7.3668 

6.6127 

6.0199 

5.1819 

.58 

7.8395 

7.0319 

6.3107 

5.7163 

5.2328 

.60 

7.1662 

6.6971 

6.0388 

5.1727 

1.9936 

.62 

7.0929 

6.3622 

5.7368 

5.1990 

1.7311 

.61 

6.7196 

6.0271 

5.1319 

1.9251 

t«.1852 

.66 

6.3163 

5.6925 

5.1330 

1.6518 

1.236  0 

.68 

5.9730 

5.3577 

1.8310 

1.3781 

3,9^69 

.70 

5.5997 

5.0229 

1.5291 

1.1015 

3  .  73  7  7 

.72 

5.2263 

1.6880 

1.2271 

3.8309 

3.<*d85 

.71 

1.8530 

1.3531 

3.9252 

3.5572 

3.2393 

.76 

1.1797 

1.G182 

3.6233 

3.2836 

2  .9902 

.78 

1.1061 

3.6831 

3.3213 

3.0100 

2.7110 

.80 

3.7331 

3.3185 

3.0191 

2.7363 

2.1918 

.82 

3.3598 

3.0137 

2.7171 

2.1627 

2.  2'*  2  6 

.8u 

2.9865 

2.6788 

2.1155 

2.1891 

1.99  31 

•  86 

2.6132 

2.3110 

2.1136 

1.9151 

1.7113 

.88 

2.2399 

2.0091 

1.8116 

1.6118 

1.1951 

.90 

1.8666 

1.6713 

1.5097 

1.3682 

1.2159 
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Table  8-18.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =    .08 
NUMBER    OF    YEARS    =    25 


0.C8 


0,09 


3.10 


0.11 


0.12 


F 

--.- 

.... 

.... 

..-  — 

.... 

.10 

20.8333 

18*521 7 

16.5561 

1«».8,769 

13.*>359 

.12 

20.370»» 

18.110  1 

16.1882 

1^.5'+63 

13.1373 

.Ik 

19.307k 

17.6936 

15.8203 

1*4.2157 

12.8387 

.16 

I9.kkkk 

17.2870 

15.'452*» 

13.8851 

12.5*402 

.18 

18.9815 

16.875** 

1 5  .  0  8  kk 

13. 55*45 

12.2*»16 

.20 

18.5185 

1 6  .  k 63  8 

Ik .7165 

13.2239 

11.9*430 

.22 

18.0556 

16.0522 

Ik.ZkSb 

12.8933 

11.6*4*4*» 

.Zk 

17.5926 

15.6*406 

13.9807 

12.5627 

11.3*»59 

.26 

17.1296 

15.2290 

13.6128 

12.2321 

11.0*73 

.28 

16.6667 

lk.M7k 

IS.ZkkV 

11.9015 

10.7*487 

.30 

16.2037 

1  «♦.'■♦  05  8 

12.3770 

11.5709 

10. "4501 

.32 

15, 7^07 

13.99^2 

12.5090 

H.2^03 

10.1516 

.3<» 

15.2778 

13.5826 

12. 1M1 

10.9097 

9.85  3  0 

•  36 

1<».81<»8 

13.1710 

11.7732 

10.5791 

9.55*4*» 

.38 

1*».3519 

12.759<4 

11.^053 

10.2*485 

9*2558 

.kQ 

13. 8889 

12. 3^78 

1 1.0  3  7W 

9.9179 

8.9573 

.kZ 

13.<*259 

11.9362 

10.6695 

9.5373 

8.65  8  7 

.kk 

12.9630 

11.  52<*6 

10.3016 

9.2567 

8.3601 

.us 

12.5000 

11.1130 

9.9337 

8.9261 

8.0615 

.ua 

12.0370 

10.7015 

9.5657 

3.5955 

7.7630 

.50 

11.57M 

10.2899 

9.1978 

8.26*49 

7.*46*4*» 

.52 

11.1111 

9.8783 

8.8299 

7.93<»3 

7.1658 

.5k 

10.6**8i 

9.^667 

8. '*620 

7.6038 

6.8672 

.56 

10.1852 

9.0  551 

8.09M 

7.2732 

6.5687 

.58 

9.7222 

8.6<435 

7.7ZSZ 

6.9h26 

6.2701 

.60 

9.2593 

8.2319 

7.3583 

6.6120 

5.9715 

.62 

8.7963 

7.H203 

6.9903 

6.231'* 

5.6729 

.6<+ 

8,3333 

7.«»087 

6.622<* 

5.9508 

S.ZTkk 

.66 

7.870U 

6.9971 

6.25t»5 

5.6202 

5.0758 

.68 

7.<»07<4 

6.5855 

5.3866 

5.2396 

k.7772 

.70 

b.Vkkk 

6.1739 

5.5187 

h.9590 

*».*786 

.72 

6.*»815 

5.7623 

5.1508 

<4.628<4 

k.  1301 

.7k 

6. 0185 

5.3507 

'+.7829 

•4.2978 

3.3815 

.76 

5.5556 

*».9391 

t».<»150 

3.9672 

3.5829 

.78 

5.0926 

<».5275 

k.Qt*7Q 

3.6366 

3.28*»3 

•  80 

•4.6296 

<».1159 

3.6791 

3.3060 

2.9858 

.82 

«4.1667 

3.70U3 

3.3112 

2.975*4 

2.6872 

.6k 

3. 7037 

3.2928 

2.9*433 

Z.bkkt 

2.3886 

.86 

3.2<fC7 

2.8812 

2.575<» 

2.31*42 

2.0900 

•  88 

2.7778 

2.h696 

2.2075 

1.9336 

1.7915 

.90 

2.31*48 

2.0580 

1.8396 

1.6530 

l.*»929 
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Table  8-19.     Fuel   Cost  Factors 


ANNUAL  RATE    OF    FUEL    INCREASE    =     .10 

NUMBER  OF    YEARS    =    25 

I            0.08  0.09  0.10  0.11  0.12 

.10  26.1927  23.0830  20.4545  18.2230  16.3200 

.12  25.6107  22,5700  20.0000  17.8181  15.9573 

.1*  25.0286  22.0571  19.5455  17.4131  15.5947 

.16  2<*.^466  21.5441  19.0909  17.0082  15.2320 

.18  23.8645  21.0311  18.6364  16.6032  14.3693 

.20  23.2824  20.5182  18.1818  16.1982  lt»,5067 

.22  22.7004  20.0052  17.7273  15.7933  14.1<»4Q 

.24  22.1183  19. '4923  17.2727  15.3883  13.7813 

.26  21.5363  18.9793  16.8182  14.9334  13.  4187 

.28  20.9542  18.4664  16.3636  14.5734  15.0560 

.30  20.3721  17.9534  15.9091  14.1735  12.6933 

.32  19.79U1  17.U4C5  15.4545  13.7685  12.3307 

.34  19.2080  16.9275  15.0000  13.3635  11.9680 

.36  18.6260  16.4146  14.5455  12.9586  11.6053 

.38  18.0439  15.9016  14.0909  12.5536  11.2427 

.40  17.4618  15.3886  13.6364  12.1487  10.8800 

.42  16.8798  14.8757  13.1818  11. 7437  10.5173 

.  «♦*♦  16.2977  14.3627  12.7273  11.3388  10.1547 

.<»6  15.7156  13.8498  12.2727  13.9338  9.7920 

.48  15.1336  13.3368  11.8182  10.5289  9.4293 

.53  1^.5515  12.3239  11.3636  10.1239  9.0667 

.52  13.9695  12.3109  10.9091  9.7189  3.7040 

.54  13.  Z&71*  11.7980  10.4545  9.3140  8.3413 

.56  12.8053  11.2850  10.0000  8.9090  7.9787 

.58  12.2233  10.7721  9.5455  8.5041  7.6160 

.60  11.6412  10.2591  9.0909  8.0991  7.2533 

.62  11,0592  9.7461  3.6364  7.6942  6.8907 

.6<»  10.14771  9.2332  3.1818  7.2892  6.5280 

.66  9.8950  8.7202  7.7273  6. 8843  6.1653 

.68  9.3130  8.2073  7 .Z7Z7  6.4793  5.8027 

.70  8.7309  7.6943  6.3182  6.3743  5.<«40G 

,7Z  8.1489  7.1814  6,3636  5.6694  5.0773 

.7<*  7.5668  6.6684  5.9091  5.26««4  4.7147 

.76  6.9847  6.1555  5.4545  4.8595  «4.3520 

.73  6.4027  5.6425  5.0000  4.4545  3.9893 

.30  5.8206  5.1295  4.5455  4.0496  3.6267 

.82  5.2385  4.5166  4.0909  3.6^46  3.2640 

.84  <*.6565  4.1036  3.5364  3.2396  2.9013 

.86  4.0744  3.5907  3.1818  2.8347  2.5387 

.88  3.4924  3.0777  2.7273  2.4297  2.1760 

.90  2.9103  2.5648  2.2727  2.0248  1.8133 
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Table  8-20.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =    .12 
NUMBER    OF    YEARS    =    25 


0.08 


0.09 


0.10 


0.11 


0.12 


F 

•  10 

33.3521 

29.1*38 

25.6067 

22.6208 

20.0893 

.12 

32.6109 

28.*962 

25.0377 

22.1181 

19.6*29 

.1* 

31.8-697 

27.8*85 

2*.*636 

21.615* 

19.196* 

.16 

31.1286 

27.2009 

23.8996 

21.1127 

18.7500 

.1ft 

30.387* 

26.5533 

23.3306 

20.6101 

18.3036 

.20 

29,6*63 

25.9056 

22.7615 

20.107* 

17.8571 

.22 

28.9051 

25.2580 

22.1925 

19.60*7 

17.*107 

.2* 

28.  16*0 

2*. 6103 

21.623* 

19.1020 

16.96*3 

.26 

27.*228 

2  3.962  7 

21.05** 

18.5993 

16.5179 

.28 

26.6816 

2  3.3151 

20.*85* 

18.0966 

16.071* 

.30 

25.9*05 

22.667* 

19.9163 

17.59*0 

15.6250 

.32 

25. 1993 

22.0198 

19.3*73 

17.0913 

15.1786 

.3* 

2*.*582 

21.3721 

13.7783 

16.5386 

1*.7321 

.36 

23.  7170 

20.72*5 

18.2092 

16.0859 

1*.2857 

.38 

22.9759 

20.0769 

17.6*02 

15.5332 

13.8393 

.*0 

22.  23*7 

19.*292 

17.0711 

15.0805 

13.3929 

.*2 

21.  *935 

18.7816 

16.5C21 

1*.5778 

12.9*6* 

.** 

20.  752* 

18.1339 

15.9331 

1*.0752 

12.5000 

.*6 

20. 0112 

17.*863 

15.36*0 

13.5725 

12.0536 

.*8 

19.2701 

16.3387 

1*.7950 

13.0698 

11.6071 

.50 

18.5289 

16.1910 

1*.2259 

12.5671 

11.1607 

.52 

17.7878 

15. 5*3* 

13.6569 

12.06** 

10.71*3 

.5* 

17.0*66 

i*.3957 

13.0879 

11.5617 

1C.2679 

.56 

16.3055 

1*.2*81 

12.5188 

11.0591 

9.321* 

.58 

15.56*3 

13.60C* 

11.9*98 

10.556* 

9.3750 

.60 

1*. 8231 

1  2  .  9  52  8 

11.3808 

10.0537 

8.92  8  6 

.62 

1*.0820 

12.3052 

10.8117 

9.5510 

8.*821 

.6* 

13.3*08 

11.6575 

10.2*27 

9.0*33 

8.0357 

.66 

12. 5997 

11.3  099 

1.6736 

8.5*56 

7.5893 

•  68 

11.8585 

10.3622 

9.13*6 

8.0*30 

7.1*29 

.70 

11.117* 

9.71*6 

3.5J56 

7.5*03 

6.696* 

.72 

10. 3762 

9.0670 

7.9665 

7.0376 

6.2500 

.7* 

9.6350 

8.*193 

7.3975 

6.53*9 

5.8036 

.76 

8.8939 

7.7717 

6.8285 

6.0322 

5.3571 

.78 

8.1527 

7.12*0 

6.259* 

5.5295 

*.910  7 

.80 

7.*116 

6.*76* 

5.690* 

5.0268 

*.*6*3 

.52 

6.670* 

5.8238 

5.1213 

*.52*2 

*.0179 

.8<4 

5.9293 

5.1811 

*.5'.i23 

*.0215 

3.571* 

.86 

5. 1881 

*.5335 

3.9833 

3.5188 

3.1250 

•  88 

*.**69 

3.885  8 

3.*1*2 

3.0161 

2.6786 

.90 

3.7058 

3.2382 

2.8*52 

2.513* 

2.2321 

8-39 


Table  8-21.     Fuel   Cost  Factors 


ANNUAL  RATE    OF    FUEL    INCREASE    =0.00 

NUMBER  OF    YEARS    =    30 

I            0.08  0.39  0.10  0.11  0.12 

.10  10.1320  9,2<*63  3.t*6«*2  7.82<*<*  7.2<*97 

.12  9.9068  9.0**08  8.2957  7.6505  7.0886 

.1<*  9.6617  8.8353  8.1071  7.J*767  6.9275 

.16  9.U565  8.6299  7.9136  7.3028  6.766<* 

.18  9.231**  8.£*2<*<*  7.7301  7.1289  6.6053 

.23  9.0C62  8.2189  7.5**15  6.9550  6.<*<***1 

.22  8.7811  8.0135  7.3530  6.7812  6.2830 

.2**  8.5559  7.8080  7.16**5  6.6073  6.1219 

.26  8.3306  7.6025  6.9759  6.<*33<*  5.9608 

.23  8.1C56  7.3970  6.787<*  6.2595  5.7997 

.30  7.880**  7.1916  6.5988  6.0857  5.6386 

.32  7.6553  6.9861  6.<*103  5.9118  5.<*775 

.3U  7.<*301  6.7806  6.2218  5.7379  5.316<* 

.36  7.2050  6.5751  6.0332  5.56<*0  5.1553 

.38  6.9798  6.3697  5.8<*<»7  5.3902  <».99<*2 

.♦♦0  6.75<*7  6.16<*2  5.6561  5.2163  <*.8331 

.**2  6.5295  5.9587  5.<*676  5.0**2«*  «*.6720 

.<♦«♦  6.30<*<*  5.7532  5.2791  «*.8685  <*.5109 

.i»6  6.0792  5.5**78  5.0905  «*.69<*6  »*.3<*98 

.<*8  5.85**0  5.3<*23  **.9020  k.5208  <*.1887 

.50  5.6289  5.1368  <*.7135  **.3<*69  V.0276 

.52  5.**037  **.931i*  U.52U9  <*.1730  3.3665 

.5<*  5.1786  *».7259  <*.336<*  3.9991  3.705i* 

.56  «*.953*»  <*.520<*  <*.1«*78  3.8253  3.5<*<*3 

.58  <*.7283  <*.31<*9  3.9593  3.651<*  3.3832 

.60  <*.5031  <*.1095  3.7708  3.<*775  3.2221 

.62  ^.2780  3.90«*0  3.5822  3.J336  3.061J 

.6<*  U.0528  3.6985  3.3937  3.1298  2.8999 

.66  3.8276  3.<*930  3.2052  2.9559  2.7388 

.68  3.6025  3.2876  3.0166  2.7820  2.5777 

.70  3.3773  3.3tt21  2.8231  2.6081  2.<*166 

.72  3.1522  2.8766  2.6395  2.<*3<*3  2.2555 

.7<*  2.9270  2.6712  2.<*510  2.260<*  2.09<*3 

.76  2.7019  2.<*657  2.2625  2.0865  1.9332 

.78  2.^767  2.2602  2.0739  1.9126  1.7721 

.80  2.2516  2.05<*7  1.885<*  1.-7388  1.6110 

.82  2.026t»  1..3«»93  1.6968  1.56**9  l.<*<*99 

.8<*  1.8012  1.6«*38  1.5083  1.391C  1.2888 

.86  1.5761  1.1*383  1.3198  1.2171  1.1277 

.88  1.3509  1.2328  1.1312  1.3«*33  .9666 

.90  1.1258  1.027U  .9<*27  .369**  .8055 
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Table  8-22.     Fuel   Cost  Factors 


ANNUAL  RATE    OF    FUEL    INCREASE    =     .02 

NUMBER  OF    YEARS    =    30 

I  0.08  0.09  0.10  0.11  0.12 

.10  12.2999  11.1018  10.3822  9.2087  8.U559 

.12  12.0265  10.8551  9.9581  9.Q0M  5.2680 

•  1<»  11.7532  10.603**  9.53M  8.7995  8.0800 
.16  11.^799  10.3617  9. MOO  8.59^8  7.8921 
.18  11.2C66  10.1150  9.1860  8.3902  7.70<*2 
.20  10.9332  9.3633  8.9619  8.1856  7.5163 
.22  10.6599  9.6216  8.7379  7.9309  7.328«» 
.Zk  10.3866  9.371*9  8.5138  7.7763  7.1«»05 
.26  10.1132  9.1232  8.2898  7.5716  6.9526 
.26  9.8399  8.3815  8.0657  7.3670  6.76«»7 
.30  9.5666  8.63U8  7.9U17  7.162**  6.5768 
.32  9.2932  8.3890  7.6176  6.9577  6.3889 
.3k  9.0199  8.1^13  7.3936  6.7531  6.2010 
.36  8.7<*66  7.39U6  7.1695  6.5<»8<*  6.0131 
.38  8.*»732  7.6U79  6.9<*55  6.3^38  5.8252 
.*»0  5.1999  7.U012  6.7215  6.1J92  5.6372 
.k2  7.9266  7.15<*5  6.<*97<»  5.93^5  5.kk93 

•  kk  7.6533  6.9078  6.273^  5.7299  5.261«» 
.kS  7.3799  6.6611  6.0^93  5.5252  5.0735 
.'♦S  7.1066  S.klkt*  5.8253  5.3206  <».8856 
.50  6.8333  6.1677  5.6012  5.1160  *».6977 
.52  6.5599  5.9210  5.3772  <*.9113  <».5098 
.5k  6.2866  5.67^3  5.1531  *».7367  <».3219 
.56  6.0133  5.1*276  «».9291  <».502i  <».13<»0 
.58  5.7399  5.1309  ^.7050  k.Z37U  3. 9^61 
.60  5.^666  k.likl  ^  '♦.'♦SIJ  <».d928  3.7582 
.62  5.1933  t».587«»  «».2569  3.8881  3.5703 
.6**  «*.9200  k.kkQ7  W.0329  3.6335  3.3323 
.66  <«.6<*66  <*.19t*0  3.8388  3.<*789  3.19<»t» 
.68  «».3733  3.9^73  U58U8  3.27'»2  3.0065 
.70  -.1000  3.7006  3.3607  3.0696  2.8186 
.72  3.8266  3.^539  3.1367  2.86^9  2.6307 
.7k  3.5533  3.2C72  2.9126  ,  2. 6633  Z.kkZZ 
.76  3.2800  2.9605  2.6886  2.<»557  2.25^9 
.78  3.0C66  2.7138  2.*»6<*5  2.2510  2.0670 
.80  2.7333  2.^671  2.2t»05  Z.QW*  1.8791 
.82  2.1*600  2.220»*  2.016<*  1.8<*17  1.6912 
.6k  2.1866  1.9737  1.792<*  1.6371  1.5033 
.86  1.9133  1.7270  1.5683  l.<*325  1.315<* 
.88  1.6«*G0  l.<*332  1.3****3  1.2278  1.127** 
.90  1.3667  1.2335  1.1202  1.0232  .9395 
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Table  8-23.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL    INCREASE    =     . Qk 
NUMBER    OF    YEARS    =    30 


0.08 


0.09 


0.10 


0.11 


0.12 


F 

.... 

.... 

.... 

.... 

.... 

.10 

15.2(478 

13.5997 

ia.2ii9 

11.0355 

10.0321 

.12 

1(4  ..9090 

13.2975 

11.9(405 

10.7903 

9.8092 

.1<» 

l^c5701 

12.9953 

11.6691 

10.5(451 

9.5862 

.16 

l*f.2313 

12.6931 

11.3978 

10.2998 

9.3633 

.18 

13. 892U 

12.3909 

11.126(» 

10. 05(^6 

S.lkQk 

.20 

13.5536 

12.0887 

13.8550 

9. 83  9(4 

8.917U 

.22 

13. 21^8 

11.786U 

10.5836 

9. 56M 

8.69(45 

.2*4 

12.8759 

11.U8U2 

10.3123 

9.3189 

8.(4716 

.26 

12.5371 

11.1820 

10.0(409 

9  . 0  73  7 

8.2*486 

.28 

12.1982 

10.8798 

9.7695 

8.828(4 

8.0257 

.33 

11.859(4 

10.5776 

9.W931 

8.5332 

7.9027 

.32 

11.5206 

10.275(4 

9.2268 

8.3380 

7.5798 

.3k 

11.1317 

9.9731 

8.955(4 

8.0927 

7.3569 

.36 

10.8(429 

9.670* 

8.68(*0 

7.8<475 

7.1339 

•  39 

10.50<40 

9.368  7 

3.(tl26 

7.6323 

6.9110 

.U3 

10.1652 

9.0665 

8.1M3 

7.3570 

6.6881 

.«»2 

9.826<* 

8.76(43 

7.8699 

7.1118 

6.(4651 

.(4(4 

9.*4875 

8.(4  621 

7..  5985 

6.8666 

6.2(422 

.U6 

9.1^87 

8.1598 

7.3271 

6.6213 

6.0193 

.(48 

8.8098 

7.8576 

7.0558 

6.3761 

5.7963 

.50 

8.^710 

7.555^ 

S.7Qt*i4 

6.1309 

5.573(4 

.52 

8.1322 

7.253  2 

6.5130 

5.8856 

5.3505 

•  5<* 

7.7933 

6.3510 

6.2M6 

S.oUQt* 

5.1275 

.56 

7.i*5t*5 

6.6^88 

5.9703 

5.3951 

(♦.90(4  6 

.58 

7.1156 

6.3^65 

5.6989 

5.1<499 

(4.6816 

.60 

6.  7768 

6.0<*<*3 

5.(4275 

t*. 901*7 

(4.^587 

.62 

6.(*360 

5.7<421 

5.1561 

(♦.659(4 

(4.2358 

•  bk 

6.0991 

5.(4399 

(4.88(48 

(♦.(♦1^2 

(4.0128 

.66 

5.  7603 

5.1377 

(4.613(4 

(♦.169C 

3.7899 

.68 

5.1*21** 

^♦.8355 

U. 3^20 

3.9237 

3.5670 

.70 

5.0326 

(♦.5332 

(♦.0706 

3.6  78  5 

3.3(4(40 

.72 

<*.  7«*38 

(♦.231C 

3. 7993 

3.  (#333 

3.1211 

.71* 

I*.  «*0^9 

3.9288 

3.5279 

3.1880 

2.8982 

.76 

(♦.  0661 

3.6266 

3.2565 

2.9(428 

2.6752 

.78 

3.7272 

3.32UI* 

2.9851 

2.6976 

2.(4523 

.80 

3.388(4 

3.0222 

2. 7138 

2.U523 

2.229(4 

,82 

3.0(496 

2.7199 

2.  t*t*Zk 

2.2071 

2.006(4 

.8(4 

2.7107 

2.(*177 

2.1710 

1.9619 

1.7835 

.86 

2.3719 

2.1155 

1.3996 

1.7166 

1.5605 

.88 

2.0  33  0 

1.8133 

1.6283 

1.W71U 

1.3376 

.90 

1.69U2 

1.5111 

1.3569 

1.2262 

1.11<47 
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Table  8-24.     Fuel   Cost  Factors 


ANNUAL    RATE    OF    FUEL     INCREASE    =     .06 
NUN3ER    OF    YEARS    =    30 


0.08 


0.10 


0.11 


0.12 


F 

— •-—- . 

.— .- 

---- 

.... 

—  .«. 

.10 

19.3152 

17.0132 

15.09**1 

13.**839 

12.12**** 

.12 

18. 8860 

16.6351 

1**.7587 

13.18**3 

11.8550 

.1** 

18-.  **568 

16.2571 

1«*.**232 

12.38**7 

11.5856 

.16 

18.0275 

15.8790 

1«*.0878 

12.5850 

11.3161 

.18 

17.5983 

15.5009 

13.752** 

12.285** 

11.3**67 

.20 

17.1691 

15.1228 

13.**170 

11.9857 

10.7773 

.22 

16. 7399 

1  *♦ .  7«t<*  8 

13.3816 

11.6861 

10.5078 

.2«* 

16.3106 

1  **  .  3  66  7 

12.7U61 

11.336'* 

10.238** 

.26 

15.881** 

1 3.9836 

i2.**107 

11.0868 

9.9690 

.28 

15.**522 

13.610  6 

12.0753 

10.7872 

9.6995 

.30 

15.0230 

13.2325 

11.7399 

10.**875 

9.**301 

.32 

It*. 5937 

12.85**** 

ll.**0**** 

10.1879 

9.1607 

.3** 

1**. 16**5 

1  2 .  «♦  763 

11.0690 

9.8882 

8.3912 

.36 

13.7353 

12.3983 

10.7336 

9.5886 

8.6218 

.38 

13.3060 

11.7202 

10.3982 

9.2989 

8.352** 

.**0 

12.8768 

11.3**21 

10.3627 

8.9893 

8.0829 

.**2 

12.****76 

10.961*1 

9.7273 

8.6897 

7.8135 

.*♦*♦ 

12.  018** 

10.5360 

9.3919 

8.3900 

7.5*»**1 

.**6 

11. 5391 

10.2079 

9.0565 

8.0904* 

7.27**6 

•  **8 

11.1599 

9.3298 

8.7210 

7.7907 

7.0052 

.50 

10.7307 

9.**518 

9.3356 

7.1*911 

6.73  5  8 

.52 

10.3015 

9.0737 

8.0502 

7.191** 

6.**66*» 

.5** 

9.8722 

8.6956 

7.71**8 

6.8918 

6.1969 

.56 

9.**<*30 

8.3176 

7.3793 

6.5922 

5.9275 

.58 

9.0138 

7.9395 

7.0**39 

6.2925 

5.6581 

.60 

8.59**5 

7.561** 

5.7085 

5.9929 

5.3886 

.62 

8. 1553 

7.1333 

6.3731 

5.6932 

5.1192 

.6** 

7.7261 

6.8053 

6.0376 

5.3936 

**.3**98 

.66 

7.2969 

6.**272 

5.7022 

5.0939 

**.5803 

.68 

6. 8676 

6. 0^91 

5.3669 

**.79**3 

t*.3109 

.70 

6.**38** 

5.6711 

5.031** 

<*.**9**6 

**.0**15 

.72 

6.  0092 

5.293  0 

**.6959 

<*.195G 

3.7720 

.7<» 

5.5800 

**.9i-»9 

**.3605 

3.895** 

3.5026 

.76 

5. 1507 

**.5369 

**.0251 

3.5957 

3.2332 

.78 

*».7215 

**.1538 

3.6897 

3.2961 

2.9637 

.80 

<*.2923 

3.7207 

3.35**2 

2.996** 

2.69**3 

.82 

3.8630 

3.**326 

3.0188 

2.6968 

2.«*2«*9 

.8** 

3.«*338 

3.02**6 

2.693** 

2.3971 

2.1555 

•  86 

3.  Q0**6 

2.6«»S5 

2.3**80 

2.0975 

1.8860 

.88 

2.5  75** 

2.263U 

2.0125 

1.7979 

1.6166 

.90 

2.1U61 

1.390** 

1.6771 

l.**982 

1.3**72 
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Table  8-25.     Fuel   Cost  Factors 


ANNUAL  RATE  OF  FUEL  INCREASE  =  .08 
NUMBER  OF  YEARS  =  30 

I     0.08       0.99       0.10       0.11       0.12 


F 

-.*..,. 

.... 

._•« 

---  — 

.... 

.10 

25.  0000 

21.7M0 

19.3<*96 

16.8130 

1«*.9<*29 

.12 

2(».  (»(♦<♦«♦ 

21.2578 

18.6262 

16.<*39<+ 

1^.6108 

.1^ 

23. 8889 

2Q.77**7 

18.2029 

16.0658 

1<*.2788 

.16 

23. 3333 

20.2916 

17.7796 

15.6922 

13.9<*67 

.18 

22. 7778 

19.308<i 

17.3563 

15.3186 

13.61«*7 

.20 

22. 2222 

19.3253 

16.9329 

1**.9<*<»9 

13.2826 

.22 

21.6667 

18. ^22 

16.5096 

1<*.5713 

12.9505 

.2<* 

21.1111 

18.359  0 

16.0863 

1^.1977 

12.6185 

.26 

20. 5556 

17.8759 

15.6630 

13.82<*1 

12.286<* 

.28 

20. &Q00 

17.3928 

15.2397 

13.<*50<* 

11. 95<»3 

.30 

19.  U  <♦<♦*♦ 

16.9096 

1W.8163 

13.0768 

11.6223 

.32 

18.  8889 

16.*»265 

1U.3930 

12.7032 

11.2902 

.3<» 

18. 3333 

15.9<»3<» 

13.9697 

12.3296 

10.9581 

.36 

17.  7778 

15.<*602 

13.5<*6<* 

11.9559 

10.6261 

.38 

17.2222 

1^.9771 

13.1230 

11.5323 

10.29<*0 

.<»0 

16.6667 

1«*.<*9<*0 

12.6997 

11.2387 

9.9619 

.U2 

16. 1111 

1^.0108 

12.276** 

10.8  351 

9.6299 

.<♦<♦ 

15.5556 

13.5277 

11.8531 

13.<*61<* 

9.2978 

.t»6 

15.0000 

13.0^6 

U.<*297 

10.0878 

8.9657 

.(»8 

1<U  <♦  <♦<♦<♦ 

12.561** 

11.3  06** 

9.71<*2 

8.6337 

.50 

13. 8889 

12.0783 

10.5831 

9.3<*06 

8.3016 

.52 

13.3333 

11.5952 

10.1598 

8.9673 

7.9696 

.5<» 

12. 7778 

11.1120 

9.736<* 

8.5933 

7.6375 

.56 

12.2222 

10.6289 

9.3131 

9.2197 

7.305<« 

.58 

11.6667 

10.1U58 

8.8898 

7.8<*61 

6.973U 

.60 

11.1111 

9.6626 

8.U665 

7.«*725 

6.6«*13 

.62 

10. 5556 

9.1795 

8.3<*32 

7.0988 

6.3092 

.6<« 

10.  0000 

8.696<* 

7.6198 

6.7252 

5.9772 

•  66 

9. <♦<♦<♦*♦ 

8.2132 

7.1965 

6.3516 

5.6<*51 

.68 

8.  8889 

7.7  30  1 

6.7732 

5.9780 

5.3130 

.70 

8. 3333 

7.2<*70 

6.3<*99 

5.63U3 

a. 9810 

.72 

7.777E 

6.7639 

5.9265 

5.2307 

<*.6<*8  9 

.7<* 

7.2222 

6.2807 

5.5032 

**.35  71 

<*.31S3 

.76 

6.6667 

5.7976 

5.0799 

<*.<*835 

3.98U3 

.78 

6.1111 

5.31<*5 

t*.6566 

«*.1099 

3.652  7 

.80 

5.5556 

<*.8313 

**.2332 

3.7362 

3.3206 

.82 

5.0000 

<♦.  J«*82 

3.3099 

3.3626 

2.98S6 

.  &U 

(».f»<fi»<» 

3.8651 

3.3866 

2.9890 

2.65b5 

.86 

3. 8889 

3.3819 

2.9633 

2.615<* 

2.32<*5 

.88 

3. 3333 

2.8988 

2.5399 

2.2«fl7 

1.992«* 

.90 

2. 7778 

2.U15  7 

2.1166 

1.8681 

1 .  66  0  3 
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Table  3-26.     Fuel   Cost  Factors 


ANNUAL 

RATE    OF    F 

UEL    XNCREA< 

IE    =    .10 

NUMBER 

OF    YEARS 

=    30 

I 
F 
.10 

0.08 

0.09 

0.  10 

0.11 

0.12 

33.  0  33** 

2  8.3663 

2<».5*»55 

21.3985 

18.7909 

.12 

32.2.993 

27.7360 

2«*.0000 

20.9230 

18.3733 

.14 

31.5652 

27.1056 

2T.«»5^5 

20.<**»7<* 

17.9557 

.15 

30.8312 

2  6.^752 

22.9091 

19.9719 

17.5382 

.18 

30.0971 

25.8^9 

22.3636 

19.«*96<* 

17.1206 

.20 

29.3630 

2  5.21^5 

21.8182 

19.0209 

16.7030 

.22 

23.6289 

2<*.58<»1 

21.2727 

18.5«»5*» 

16.285** 

.2«* 

27. 89^9 

23.9538 

20.7273 

18.Q698 

15.8679 

.26 

27.1608 

23.323<* 

20  .1813 

17.59<*3 

15.«*503 

.2ft 

26.^267 

22.6931 

19.636«» 

17.1188 

15.0327 

.30 

25.6926 

22.0  62  7 

19.0909 

16.6^33 

l<t.6151 

.32 

2^.9586 

21.*»323 

18.5^55 

16.1677 

i<».1976 

.3«» 

2<*,22^5 

20.8020 

13.0000 

15.6922 

13.7800 

.36 

23.*»90<» 

2  0.1716 

17.<»5<*5 

15.2167 

13.362** 

.3d 

22.7563 

19.5^12 

16.9091 

14.7W12 

12.9«»<*8 

.<*Q 

22.0223 

18.9109 

16.3636 

1^.2657 

12.5273 

.*»2 

21. 2882 

18.2805 

15.8182 

13.7901 

12.1097 

.<4<t 

20.55M 

17.6502 

15.2727 

13.31<t6 

11.6921 

.t»6 

19.8200 

17.3198 

l<f.72  73 

12.8391 

11.27«»5 

.«♦« 

19.C360 

16.389!* 

1^.1818 

12.3636 

10.8570 

.50 

18.3519 

15.7591 

13.6  36<» 

11.8880 

10.<»39<* 

.52 

17.6178 

15.1287 

13.0909 

ll.t»125 

10.0218 

.5t» 

16. 8837 

l<t.<»9A3 

12.5<»55 

13.9370 

9.60*»2 

.56 

16.  1*»97 

13.8680 

12.0030 

10. ^615 

9.1867 

.58 

15.U156 

13.2376 

ll.**5<t5 

9.986C 

8.7691 

.60 

1^.6815 

12.6  )7 3 

10.9091 

9.510<* 

8.3515 

.62 

13.9^7«. 

1 1  .  9  76  9 

10.3636 

9.03<*9 
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.6*» 
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6,2636 

.72 
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Table  8-27.     Fuel   Cost  Factors 


ANNUAL 
NUMBER 


F 

•  10 
.12 

.16 
.18 
.20 
.22 
.2** 
.26 
.28 
.30 
.32 
.3** 
.36 
.38 

•  *»0 

•  *»2 
.*♦*♦ 
.**6 

•  **8 
.50 
.52 
.5** 
.56 
.58 
.60 
.62 
.6** 
.  66 
.68 
.73 
.72 
.7** 
.76 
.78 

•  80 
.82 

•  e** 

.86 
.88 
.90 


RATE    OF    FUEL    INCREASE    = 
OF    YEARS    =    30 


0.08 

*»*».**901 
**3.501** 
**2.5127 
**1.52*tl 
**0.535** 
39.5**67 
38.5581 
37.569** 
36.5807 
35.5921 
3**.  603** 
33.61**7 
32.  6261 
31.637** 
30.6**87 
29.6601 
28.671** 
27.682  7 
26.69**1 
25.705** 
2*4.7167 
23.  7280 
22.739** 
21.7507 
20. 7620 
19. 7 73U 
18.78**7 
17.7960 
16.807<» 
15. 8187 
1<*.8300 
13.8**1** 
12.8527 
il.86**C 
10.8751* 
9.  8867 
8.8980 
7.90  93 
6.9207 
5.9320 
**.9**33 


0.09 

37.7**3** 
36.90**7 
36.065  <= 
35.2272 
3**.388*» 
33.5**97 
32.7109 
31.8  722 
31.0335 
30.19**7 
29,3560 
28.5172 
2  7.6785 
26.8398 
26.0010 
25.1623 
2**. 3235 
2  3.^3**  8 
22.6**60 
21.3073 
20.9686 
20.1298 
19.2911 
1  8  .  *♦  52  3 
17.6136 
16.77**8 
15.9361 
15.097** 
1**.2536 
13.M99 
12. '811 
li.7**2** 
10.9336 
10.36**9 
9.2262 
8.387** 
7.5**87 
6.7099 
5.3712 
5.0325 
**.1937 


.12 


0.10 


30 
30 
29 
28 


32.2632 

31. 51*62 

8293 

1123 

395<* 

678*4 

27.961*4 

27.2****5 

26.5275 

25.8106 

25.0936 

2*4.3766 

23.6597 

22.9**27 

22.2258 

21.5088 

20.7918 

20  .07**9 

19.3579 

18.6**10 

17.92**3 

17.2070 

16.**901 

15.7731 

15.0562 

1'4.3392 

13.6222 

12.9053 

12.1383 

ll.**7l*4 

10  .75ki* 

10.037*4 

9.3205 

8.6035 

7.8866 

7.1696 

6.«*526 

5.7357 

5.0187 

h.3018 

3.5  8U8 


0.11 

27.7860 

27.1586 

26.5511 

25.9336 

25.3162 

2**. 6987 

2*4.0812 

23.«*638 

22.8**6  3 

22.2288 

21.611** 

20.9939 

20.376** 

19.7590 

19.1*415 

18.52*40 

17.9C66 

17.2891 

16.6716 

16.05**2 

15.*4367 

It*. 3192 

1**.2018 

13.53*»3 

12.9668 

12.3*49** 

11.7319 

11.11*4** 

11.1*969 

T.8795 

9.2620 

3.6****5 

3.0  271 

7.<*396 

6.7921 

6.17**7 

5.5572 

**.9397 

U.3223 

3.70*»8 

3.0373 


0.  12 

2**. 1071 
23.571** 
2  3.0357 
22.5000 
21.96**3 
21.**286 
20.3929 
20.3571 
19.821** 
19.2857 
18.7500 
18.21**i 
17.6786 
17.1**29 
16.6071 
16.071** 
15.5357 

i5.ooao 

1**.**6*»3 

13.9286 

13.3929 

12.8571 

12.321** 

11.7857 

11.250C 

10.71*»3 

10.1786 

9.6**29 

9.1071 

8.571** 

8.0357 

7.5000 

6.96**3 

6.**286 

5.8929 

5.3571 

**.821*» 

«*.2857 

3.75  0  0 

3.21**3 

2.6786 
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INTRODUCTION 


TRAINEE-ORIENTED  OBJECTIVE:    To  understand  energy-conservation 

methods  and  be  able  to  choose  and 
incorporate  the  most  cost-effective 
methods  of  saving  energy 


SUB-OBJECTIVES:    At  the  end  of  the  module  the  trainee  should 

be  able  to: 


1.  Obtain  an  overview  of  projected  cost  and  implications 

2.  Identify  and  describe  three  major  factors  in  excess 
energy  usage  of 

a.  Building  design 

b.  Building  operation 

c.  Building  maintenance 

3.  Describe  the  energy  saving  benefits  of 

a.  Glass  area  and  type 

b.  External  shading 

c  Proper  sizing  of  heating/cooling  equipment 
de  Buffering  of  entryways 
e.  Insulation 

4.  Design  cost-performance  models  considering  material, 
labor,  and  overhead 

5.  Describe  the  benefits  of  using  load  models  to  determine 
cost  savings 

6.  Utilize  load  models  to  determine  cost  savings 

7.  Describe  the  sensitivity  to  change  in  costs  of  energy, 
construction,  maintenance,  operation,  and  investment 
funds. 
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It  is  not  the  intent  in  this  module  to  discuss  all  potential 
energy-conservation  measures,  but  rather  to  point  out  a  few  and  pre- 
sent a  few  detailed  examples  where  the  measures  are  significantly 
beneficial,  especially  for  solar  heating  and/or  cooling  systems. 

In  the  past,  home  design  has  been  based  on  an  abundant  supply 
of  cheap  energy.  Now  that  these  conditions  of  supply  and  cost  are 
changing,  the  reconsideration  of  heating  and  cooling  equipment,  archi- 
tectural designs,  construction  methods,  and  home-user  practices  is 
necessary.  More  effective  means  must  be  devised  to  make  efficient 
use  of  energy  in  residential  buildings.  There  are  approximately  70 
million  residential  living  units  in  the  United  States  and  they 
account  for  approximately  one-fifth  of  the  nation's  energy  consump- 
tion. Of  the  total  energy  produced  in  the  United  States,  approximately 
11  percent  goes  toward  residential  space  heating.  A  small,  but  potentially 
significant  amount  of  the  total  electric  power  generated  is  attribut- 
able to  cooling  of  residential  buildings.  The  potential  of  energy 
savings  that  can  be  realized  in  building  construction  makes  this  sub- 
ject as  important  as  developing  new  energy  sources. 

Federal  agencies  are  concerned  with  establishing  energy-conser- 
vation measures  and  practices  in  existing  as  well  as  new  buildings. 
Guidelines  are  available  through  regional  offices  of  these  governmental 
agencies.  In  addition,  conservation  information  is  available  through 
the  National  Association  of  Home  Builders  and  public  utility 
companies. 
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This  module  is  concerned  with  four  areas  of  energy  impact: 

1.  Architectural  emphasis 

2.  The  materials  to  be  used  in  the  construction  of 
the  building 

3.  The  proper  selection  of  heating  and  cooling 
equipment 

4.  The  home-user  practices  for  operating  and  maintaining 
the  residential  dwelling. 

Any  energy-conservation  modification  must  be  based  upon  cost- 
performance  (or  benefit)  decisions. 


ENERGY  CONSERVATION 

The  recent  concern  over  increasing  prices  for  fuels  that  are  in 
short  supply  has  drawn  attention  to  the  need  to  improve  the  efficiency 
of  house  and  commercial  space  heating  and  cooling.  The  use  of  solar 
heating,  and,  in  some  cases,  solar  cooling,  should  reduce  the  cost  of 
these  improvements  over  the  whole  life  of  a  house  in  locations  where 
the  cost  of  solar  energy  is  not  too  high,  and  fuel  costs  are  not  too 
low.  Heating  and  cooling  capital  and  operating  costs  presently  amount 
to  10  percent  of  mortgage  costs  or  nearly  3  percent  of  the  gross  earnings 
of  the  average  U.S.  home  owner.  Since  these  percentages  will  likely  in- 
crease with  time,  improvements  in  the  thermal  design  of  homes  and 
other  buildings  may  be  justified  now.   In  most  cases,  a  decision  has 
been  made  as  to  the  best  value  of  insulation  and  other  thermal  enhance- 
ments for  the  entire  life  of  a  building  prior  to  construction.  These 
decisions  tend  to  be  irrevocable,  in  light  of  the  high  cost  of  build- 
ing modifications  or  retrofits.  Consequently,  it  is  necessary  that 
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design  data  and  analysis  procedures  are  used  prior  to  initial  building 
design.   In  the  final  analysis,  uncertainties  as  to  future  fuel 
prices  make  all  such  designs  no  more  than  calculated  guesses  as  to 
what  the  optimum  modifications  or  changes  to  consider  in  the  thermal 
design  of  a  building  should  be. 

As  an  example,  Table  9-1  indicates  some  general  trends  for 
energy  conservation.  The  left-hand  column  indicates  typical  geographi- 
cal characteristics,  and  the  column  headings  along  the  top  of  the  page 
indicate  potential  energy-conservation  measures.  Double  plusses  in 
the  table  indicate  a  strong  positive  effect  of  the  energy  conservation 
measure  for  the  particular  geographical  characteristic;  single  plus 
signs  indicate  a  moderately  positive  effect;  a  zero  indicates  little, 
if  any,  positive  effect;  and  NR  indicates  a  "not  relevant"  effect. 
Where  the  cost  of  fuel  is  great,  most  of  the  conservation  modifica- 
tions yield  strong  positive  effects.  Obviously,  where  the  cost  of 
energy  is  less,  there  is  less  benefit  derived.  This  table  is  not 
meant  to  be  all-inclusive,  but  rather  to  give  some  general  trends  and 
some  energy-conservation  measures  that  the  designer  should  keep  in 
mind  for  a  new  building.   In  addition  to  the  general  chart,  Tables  9-2 
and  9-3  give  examples  of  retrofit  packages  which  have  been  proposed 
by  the  National  Association  of  Home  Builders  to  be  used  as  entire 
packages  for  energy-conservative  retrofit  businesses.  Some  examples 
of  energy-conservative  design  changes  will  be  used  later  in  this 
module  to  indicate  possible  cost  savings,  and  whether  the  cost  sav- 
ings are   economical . 

There  are  three  major  factors  contributing  to  excess  energy 
usage.  These  factors  involve  building  design,  operation,  and  main- 
tenance. 
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TABLE  9-2.  Retrofit  Packages  for  Zone  1  and  Zone  2 


ZONE  1 
(Less  than  4500  DD) 

BASIC  PACKAGE:   Includes  any  or  all 
items  below,  where  applicable — 

Install  day/night  clock  thermostat 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R- 19 

Tune-up  furnace/air  conditioning 
system 

Weatherstrip  exterior  doors 

Seal  all  openings  and  cracks  in 
exterior  wal Is 

Calibrate  water  heater  temperature 

Weatherstrip  and  insulate  attic 
access  door 

Inspection  of  entire  house  for 
additional  recommendations 


BETTER  PACKAGE:   Includes  items  under 
Basic  Package  plus  the  following  items, 
where  applicable — 

Add  ceiling  insulation  to  achieve  total 
of  approximately  R-22 

Install  R-ll  floor  insulation  over 
unconditioned  spaces 

Tape  joints  and  insulate  ducts  in 
unconditioned  spaces 

Install  storm  windows,  all  living 
areas 

Blow  insulation  in  uninsulated  ex- 
terior wall  cavities  (R-ll) 

Add  or  increase  natural  attic  ventila- 
tion, if  necessary 

Install  ceiling  fan  for  summer  cooling 


ZONE  2 
(4500  -  8000  DD) 

BASIC  PACKAGE:   Includes  any  or  all 
items  below,  where  applicable  — 

Install  day/night  clock  thermostat 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R-22 

Install  storm  windows ,  all  living 
areas 

Tune-up  furnace/air  conditioning 
system 

Install  storm  doors  and  weatherstrip 
exterior  prime  doors 

Seal  all  openings  and  cracks  in 
exterior  wal Is 

Calibrate  water  heater  temperature 

Weatherstrip  and  insulate  attic 
access  door 

Inspection  of  entire  house  for 
additional  recommendations 


BETTER  PACKAGE:   Includes  items  under 
Basic  Package  plus  the  following  items, 
where  applicable-- 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R-30 

Install  R-ll  floor  insulation  over 
unconditioned  spaces 

Tape  joints  and  insulate  ducts  in 
unconditioned  spaces 

Blow  insulation  in  uninsulated  exterior 
wall  cavities 

Install  2x2  furring  and  R-7  insula- 
tion to  basement  walls 

Install  basement  storm  windows  and 
doors 

Add  or  increase  natural  attic  ventila- 
tion 
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TABLE  9-3.  Retrofit  Packages  for  Zone  3 


ZONE  3 
(Greater  than  8000  DD) 

BASIC  PACKAGE:   Includes  any  or  all 
items  below,  where  applicable-- 

Install  day/night  clock  thermostat 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R-30 

Install  storm  windows ,  all  living 
areas 

Tune-up  furnace/air  conditioning 
system 

Install  storm  doors  and  weather- 
strip exterior  prime  doors 

Seal  all  openings  and  cracks  in 
exterior  wal Is 

Calibrate  water  heater  temperature 

Weatherstrip  and  insulate  attic 
access  door 

Inspection  of  entire  house  for 
additional  recommendations 


BETTER  PACKAGE:   Includes  items  under 
Basic  Package  plus  the  following  items, 
where  appl icable  -- 

Add  ceiling  insulation  to  achieve 
total  of  approximately  R-38 

Install  R-ll  floor  insulation  over 
unconditioned  spaces 

Tape  joints  and  insulate  ducts  in 
unconditioned  spaces 

Blow  insulation  in  uninsulated  exterior 
wall  cavities  (R-ll) 

Install  2x3  framing  (1"  from  wall)  and 
R-ll  insulation  to  basement  walls 

Install  basement  storm  windows  and  doors 


CUSTOM  OPTIONS:  The  following  items 
are  in  addition  to  the  "BASIC"  or 
"BETTER"  packages.  They  apply  to  any 
of  the  three  zones  and  depend  on  owner's 
preference. -  - 

Replace  shower  heads  with  hot  water 
saving  type  and  replace  defective  washers 
in  all  faucets 

Build  in  vestibule  at  entrances 

Replace  electric  resistance  heating 
with  heat  pump 

Replace  furnace  heating  system  with 
properly  sized  efficient  unit 

Replace  air  conditioning  with  properly 
sized,  high  EER  equipment 

Install  awnings  on  East/West  windows 

Install  attic  exhaust  fan 

Install  exhaust  fan  in  window,  wall 
or  ceiling  beneath  attic  for  summer 
cool ing 

Install  fan(s)  hung  from  ceiling  for 
summer  cool ing 

Replace  incandescent  lighting  with 
fluorescent 

Modify  roof  overhang  for  summer  shading 


Add  or  increase  natural  attic  ventila- 
tion 
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BUILDING  DESIGN 

Design  in  this  context  also  includes  construction.   In  many 
cases,  the  thermal  characteristics  of  the  building  are  greatly  af- 
fected by  the  construction.  Poor  workmanship  for  installing  insula- 
tion, fitting  doors  and  windows  will  not  provide  the  expected  R 
values  and  will  increase  infiltration  losses.  The  major  factors  in 
the  building  design  are  material  selection  and  building  orientation. 
For  example,  glass  area  is  important  because  of  heat  losses  and  gains 
through  windows.  Heat  losses  and  gains  through  windows  are  larger 
than  through  the  walls.  For  this  reason  it  is  very   important  that 
the  ratio  of  window  area   to  wall  area  as  well  as  window  location  be 
examined.  Obviously,  in  considering  a  building  design,  it  is  impor- 
tant to  take  into  consideration  the  external  environment.  Most  occu- 
pants will  not  want  to  live  in  a  totally  enclosed  cell.  This  re- 
quires that  windows  be  used  properly  for  enhancing  views  and  light 
levels,  and  for  entrance  regions.  However,  long  unbroken  walls  of 
glass  waste  energy  and  should  be  avoided.  Horizontal  windows  elevated 
to  normal  heights  should  be  considered.  They  provide  adequate  light, 
undiminished  views,  and  minimize  glass  area  to  reduce  heat  losses 
and  gains. 

EXAMPLE  9-1 


Table  9-4  lists  the  materials  in  the  construction  of  a  typical 
wall.  With  an  uninsulated  wall,  the  total  resistance  is  4.4  and  the 
U  factor  is  0.22.  With  R-ll  insulation,  total  wall  resistance  is 
14.43  and  the  U  factor  is  0.07.  The  R-ll  insulation  reduces  the  heat 
loss  and  gain  through  the  wall  by  a  factor  of  three. 
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TABLE  9-4.  U  Factors  for  a  Wall 


Wall  Construction 

Outside  Surface 

Wood  Bevel  Siding,  Lapped 

1/2"  Insulation  Board  Sheathing,  Regular 
Density 

3  1/2"  Air  Space 

R-ll  Insulation 

1/2"  Gypsum  Board 

Inside  Surface 

TOTAL 


a  Wall 

Uninsulated 

Insulated 

Wall 

Wall 

Resistance 

Resistance 

0.17 

0.17 

0.81 

0.81 

1.32 

1.32 

1.01 





11.00 

0.45 

0.45 

0.68 

0.68 

4.44 

14.43 

u   r   4.44   u'^ 


U  = 


1 


R  "  14.43 


=  0.07 


TABLE  9-5.  Window  Heat  Losses 
Infiltration  Around  a  Window: 

31  x  5'  Double-hung,  non-weather-stripped,  wood  window,  average 
installation 


From  Table  2,  Chapter  19,  ASHRAE  Guide 

AIR  LEAKAGE  RATE  =  27  ft3/ft-crack-hour  (1/16"  crack,  3/64"  clearance) 

L  =  (2  x  5')  +  (3  x  3')  =  19  ft. 

Q  =  0.018  BL  (T.  -  T  ) 
<  v  1    o 

Q  =  (0.018)  (27)  (19)  (70-0)  =  646  Btu/hr. 

TRANSMISSION  LOSSES: 

Single  Glaze  U  =  1.13  Btu/(hr)  (ft2)  (°F) 

Q  =  UA  (T.  -  TQ)  =  (1.13)  (15)  (70-0)  =  1,187  Btu/hr. 

WINDOW  TOTAL  LOSS  =  1,833  Btu/hr. 
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Consider  a  wall  area  of  374  square  feet  and  a  temperature 
differential  between  the  inside  and  outside  of  70°F.  The  heat  loss 
through  the  insulated  wall  is  1833  Btu/hr  and  the  heat  loss  for  an 
uninsulated  wall  is  5760  Btu/hr. 

EXAMPLE  9-2 

Consider  the  losses  through  a  window.  Table  9-5  presents 
information  for  a  typical  window.  The  U  factor  for  a  single  glazed 
window  from  Table  5-4  is  1.13.  A  1 5-square-foot  window  with  a  70° 
temperature  differential  results  in  1187  Btu/hr  heat  loss.  Table  9-5 
also  includes  computation  for  infiltration  around  the  window  using 
the  "crack"  method.  The  infiltration  losses  for  an  average  window 
installation  is  646  Btu/hr,  for  a  total  window  loss  of  1833  Btu/hr. 
In  other  words,  15  square  feet  of  window  area  has  the  same  loss  as 
374  square  feet  of  insulated  wall  or  120  square  feet  of  uninsulated 
wall.  One  square  foot  of  glass  has  the  same  heat  loss  as  25  square 
feet  of  insulated  wall  area  in  example  9-1. 

Loss  through  windows  can  be  reduced  by  using  double  glass  windows 
From  values  given  in  Table  5-4,  the  transmission  loss  could  be  reduced 
from  1.13  to  0.65  resulting  in  40-percent  reduction  in  total  loss. 

Other  building  design  factors  include  the  shading  of  windows  in 
the  summertime  to  prevent  radiation  gain.   In  wintertime  operation  the 
heat  gain  from  the  sun  can  be  advantageous.  Roth  summer  shading  and 
winter  illumination  can  be  accomplished  by  using  properly  dimensioned 
overhangs  or  external  shades.  External  shading  is  preferable  to 
internal  shading  because  it  keeps  energy  out  of  the  building.  While 
internal  shading  is  effective,  not  all  of  the  heat  can  be  conducted 
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and  radiated  out  once  it  has  entered.  Buffered  entryways,  or  air- 
locks, reduce  infiltration  losses  when  a  small  buffered  area  is  pro- 
vided between  doorways.  As  noted  from  the  example  in  Module  5,  infil- 
tration is  a  major  factor  in  heat  losses  and  gains  for  a  building. 

Proper  sizing  of  the  heating  and  cooling  system  for  the  building 
is  important.  The  combustion  efficiency  of  a  gas-fired  furnace  can 
be  reduced  by  15  to  20  percent  below  its  steady-state  operating 
efficiency  if  there  is  frequent  cycling.  The  more  oversized  the 
furnace  is,  the  more  intermittent  will  be  its  operation  and  the  less 
efficient  will  be  its  operation.  A  sampling  of  on-time  versus  degree- 
day  heating  obtained  for  typical  gas-fired  furnaces  in  the  Fort  Collins 
area  indicates  that  most  systems  are  oversized  by  a  factor  of  at  least 
2.  This  has  been  accepted  in  the  past  because  sizing  of  heating  units 
has  been  by  "rule  of  thumb"  rather  than  by  calculation  of  heat  losses 
as  outlined  in  Module  5.  The  occupants  have  been  satisfied  because 
the  cost  for  operating  has  been  very   low. 

BUILDING  OPERATION 

The  effect  of  building  operation  on  energy  conservation  is  more 
difficult  to  predict  because  it  is  influenced  by  the  life  styles  and 
the  living  habits  of  the  occupants.  Energy  usage  of  nearly  identical 
buildings  can  vary  by  as  much  as  a  factor  of  2  because  some  people 
prefer  to  maintain  room  temperatures  of  75  to  78°F  in  the  wintertime, 
while  others  prefer  lower  internal  temperatures  of  64  to  68° F. 

Studies  have  shown  that  utilizing  clock  thermostats  or  manual 
thermostatic  set-back,  that  is,  turning  "down"  the  thermostat  between 
the  hours  of  10  P.M.  and  7  A.M.,  will  result  in  energy  savings.  Each 
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degree  of  thermostatic  set-back  will  save  between  l1^  to  2k   percent  in 
energy  use  for  heating.   For  a  7-degree  thermostatic  set-back,  from 
75  to  68°F,  or  68  to  61°F  during  night-time  hours,  savings  of  10  to 
17  percent  can  be  achieved. 

In  order  to  effect  energy  savings  through  lower  thermostat 
settings  and  set-backs, an  effective  educational  campaign  will  have 
to  be  carried  out,  to  convince  the  occupant  that  significant  amounts 
of  his  money  can  be  saved.   It  should  be  pointed  out  to  home-owners 
or  occupants  of  buildings  that  prudent  operating  practices  are  criti- 
cal to  reduce  overall  energy  usage. 

BUILDING  MAINTENANCE 

The  obvious  maintenance  item  concerns  the  heating  and  cooling 
equipment  which  needs  to  be  kept  to  near-peak  efficiency.   In  addi- 
tion to  the  heating/cooling  equipment  maintenance,  the  building 
structure  should  be  maintained.  For  example,  through  settling,  walls 
may  move  away  from  fi replaces, resul ting  in  larger  infiltration  losses 
Fireplaces  are  heat  wasters,  but  where  they  are  desired,  combustion 
air  should  be  drawn  in  from  the  outside.  The  building  exterior 
should  be  painted  at  regular  intervals  to  maintain  the  thermal 
characteristics  of  the  surface  as  well  as  to  preserve  the  material. 

COST-PERFORMANCE  TRADE-OFFS 
In  the  examples  considered  in  this  section  of  the  module,  the 
main  thesis  of  the  proposed  design  analysis  for  houses  is  that  the 
annual  heat  flow  through  the  exterior  surface  of  the  building  is 
directly  proportional  to  the  annual  number  of  degree  days  of  heating. 
Although  the  method  is  not  exact,  it  is  based  on  acceptable 
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correlations  over  long  periods  of  operation  using  typical  houses, 
and  it  should  be  well  within  reasonable  uncertainty  limits  for  the 
home  designer.  Moreover,  the  method  should  be  applicable  to  other 
buildings  which  do  not  have  a  high  annual  internal  heat  generation 
rate  relative  to  the  annual  heat  load. 

Consider  the  house  plan  shown  in  Figure  9-1.  The  house  is  a 
simple  two-story  house  and  is  to  be  located  in  a  region  where  the 
winter  heat  load  is  6000  degree  days.  In  the  example,  assume  that  the 
house  is  to  be  built  with  no  wall  insulation  and  with  only  R-7  insula- 
tion in  the  ceiling.  The  question  to  be  addressed  is  "should  the 
ceiling  insulation  be  increased  to  R-30?"  Is  this  design  change  cost- 
effective? 

Table  9-6  presents  heat  loss  sensitivity  results  for  the  house 
considered  above.  Changes  to  the  basic  house  are  listed  as  well  as 
the  resulting  heat  loss.  The  design  ambient  temperature  was  -10°F 
and  the  indoor  temperature  was  chosen  as  68°F.   For  the  original 
design,  the  calculated  heat  load  is  88,846  Btu/hr  for  the  design 
temperature  condition,  as  shown  on  the  first  line  of  Table  9-6. 

If  the  outdoor  temperature  remains  -10°F  all  day  (24  hours)  the 
degree  days  is 

DD  =  65°F  -  (-10°F)  =  75°F  days. 

The  heating  load  for  the  building  is  therefore 
88,846 


75 


x  24  =  28,430  Btu/DD 


If  the  outdoor  temperature  varies,  from  a  maximum  of  30°F  to  a  mini 
mum  of  -10°F,  the  degree  days  is  determined 
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TABLE  9-6  HEAT  LOAD  SIMULATION  RESULTS 


WALL 

CEILING 

INSULATION 

INSULATION 

DOORS 

R-0 

R-7 

Solidwood 
1.5  in. 

R-0 

R-7 

Sol idwood 
1.5  in. 

R-0 

R-7 

Sol idwood 
2.0  1n. 

R-0 

R-7 

Storm  metal 
&  1.5  in. 
Solidwood 

R-0 

R-7 

Sol idwood 
1.5  in. 

R-0 

R-7 

Sol idwood 
2.0  in. 

R-0 

R-7 

Storm  metal 
&  1.5  in. 
Solidwood 

R-0 

R-7 

Sol idwood 
1.5  in. 

R-0 

R-7 

Storm  metal 
&  2.0  in. 
Sol idwood 

R-7 

R-7 

Sol idwood 
1.5  in. 

R-7 

R-7 

Sol idwood 
1.5  in. 

R-7 

R-7 

Storm  metal 
&  1.5  in. 
Sol idwood 

R-7 

R-ll 

Sol idwood 
1.5  in. 

R-7 

R-ll 

Storm  metal 
&  1.5  in. 
Solidwood 

BTUH 

WINDOWS 

HEAT  LOSS 

Single 

glass 

88,846 

100% 

glass 

Single 

glass 

87,234 

80% 

glass 

Single 

glass 

87,073 

80% 

glass 

Single 

glass 

86,989 

80% 

glass 

Double 

insulating 

82,077 

Double 

glass 

80% 

3/16  in.  air 

space 

Double  insulating     81,916 
Double  glass  80% 
3/16  in.  air  space 

Double  glass  80%      81,832 
Double  insulating 
3/16  in.  air  space 

Triple   insulating  77,605 

Triple  glass  80% 
1/2   in.    air  space 

Triple   insulation  77,229 

Triple  glass  80% 
1/2   in.   air  space 

Single  glass         66,636 
100%   glass 

Double  insulating  59,867 

Double  glass  80% 
3/16   in.   air  space 

Triple   insulating  55,149 

Triple  glass  80% 
1/2   in.    air  space 

Single  glass  62,500 

80%        glass 

Single  glass  62,255 

80%        glass 
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TABLE  9-6  HEAT  LOAD  SIMULATION  RESULTS  (continued) 


WALL 

CEILING 

BTUH 

INSULATION 

INSULATION 

DOORS 

WINDOWS 

HEAT  LOSS 

R-7 

R-11 

Sol idwood 
1.5  in. 

Double  insulation 
Double  glass  80% 
3/16  in.  air  space 

57,343 

R-7 

R-11 

Storm  metal 
&  1.5  in. 
Sol idwood 

Double  insulating 
Double  glass  80% 
3/16  in.  air  space 

57,102 

R-7 

R-11 

Storm  metal 
&  2.0  in. 
Sol idwood 

Triple  insulating 
Triple  glass  80% 
1/2  in.  air  space 

52,496 

R-11 

R-11 

Sol idwood 
1.5  in. 

Single  glass 
Double  glass  80% 
3/16  in.  air  space 

58,987 

R-11 

R-11 

Storm  metal 
&  1.5  in. 
Sol idwood 

Double  insulating 
Double  glass  80% 
3/16  in.  air  space 

53,585 

R-11 

R-11 

Storm  metal 
&  2.0  in. 
Sol idwood 

Double  insulating 
Single  glass  80% 
Emissivity  =0.2 
1/2  in.  air  space 

49,525 

R-11 

R-11 

Storm  metal 
&  2.0  in. 
Sol idwood 

Triple  insulating 
Triple  glass  80% 
1/2  in.  air  space 

48,983 

R-11 

R-19 

Sol idwood 

Single  glass 

58,233 

1.5  in. 

100%   glass 

R-11 

R-19 

Sol idwood 
1.5  in. 

Single  glass 
80%    glass 

56,621 

R-11 

R-19 

Sol idwood 
1.5  in. 

Double  insulating 
Double  glass  80% 
3/16  in.  air  space 

51,464 

R-11 

R-19 

Sol idwood 
1.5  in. 

Double  insulating 
Single  glass  80% 

47,534 

Emissivity  =0.2 
1/2  in.  air  space 

R-11  R-19  Storm  metal  Double   insulating  47,288 

&  1.5  in.  Single  glass  80% 

Solidwood  Emissivity  80% 

1/2   in.   air  space 

R-11  R-19  Storm  metal  Triple   insulating  46,616 

&  2.0  in.  Triple  glass  80% 

Solidwood  3/16  in.   air  space 
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TABLE  9-6  HEAT  LOAD  SIMULATION  RESULTS  (continued) 


WALL         CEILING 
INSULATION     INSULATION 

DOORS 

WINDOWS 

BTUH 
HEAT  LOSS 

R-0          R-ll 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

86,303 

R-0          R-19 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

83,915 

R-7          R-0 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

84,698 

R-7          R-ll 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

64,112 

R-7          R-19 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

61,743 

R-ll         R-0 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

81,165 

R-ll         R-7 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

63,120 

R-ll         R-ll 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

60,599 

R-19         R-0 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

77,748 

R-19          R-7 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

59,720 

R-19         R-ll 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

57,202 

R-19         R-19 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

54,838 

R-0          R-0 

Wooden  Door 
1.5  in. 

Single  glass 
100%   glass 

107,032 

R-19         R-40 

Wood  Storm  Doors 
&  2.0  in. 
Solidwood  Doors 

Triple  insulating 
1/2  in.  air  space 
&  Storm  windows 
60%  glass-wood  sash 

40,079 

Total  Window  Area  =  195.42 
Total  Door  Area   =    98 
45°  Pitched  Roof 
No  Basement 

Sq.  Ft. 
Sq.  Ft. 
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TABLE  9-6   HEAT  LOAD  SIMULATION  RESULTS  (continued) 


WALL  TYPE 
+  INSULATION 

ROOF  TYPE 
+  INSULATION 

DOORS 

WINDOWS 

BTUH 
HEAT  LOSS 

Frame 
+R-7 

45-degree 
Pitched  Root 
+R-0  • 

Wooden 
1.5  in 

Door 

Single 
100% 

glass 
glass 

84,698 

Frame 
+R-7 

Flat  Roof 
Wood  Construc- 
tion +R-0 

Wooden 
1.5  in 

Door 

Single 

100% 

glass 
glass 

74,981 

Frame 
+R-7 

Flat  Roof 
Metal  Construc- 
tion +R-0 

Wooden 
1.5  in 

Door 

Single 
100% 

glass 
glass 

73,361 

Frame 
+R-0 

45-degree 
Pitched  Roof 
+R-7 

Wooden 
1.5  in 

Door 

Single 
100% 

glass 
glass 

88,846 

Frame 
+R-7 

45-degree 
Pitched  Roof 
+R-7 

Wooden 
1.5  in 

Door 

Single 
100% 

glass 
glass 

66,636 

Brick 
Frame 
ti tior 

and 
Par- 
i  +R- 

0 

45-degree 
Pitched  Roof 

Wooden 
1.5  in. 

Door 

Single 
100% 

glass 
glass 

97,124 

Brick 
Frame 
ti  tior 

and 
Par- 
i  +R- 

7 

45-degree 
Pitched  Roof 

Wooden 
1.5  in. 

Door 

Single 
100% 

glass 
glass 

94,324 

Brick  +  Ci 
and  Frame 
Partition 
+R-0 

nder 

45-degree 
Pitched  Roof 

Wooden 
1.5  in. 

Door 

Single 
100% 

glass 
glass 

79,183 

Brick  +  Cinder  45-degree 
and  Frame     Pitched  Roof 
Partition 
+R-7 


Wooden  Door    Single  glass 
1.5  in.       100%  glass 


76,501 


Total  Window  Area  =  195.42  Sq.  Ft. 
Total  Door  Area  =  98  Sq.  Ft. 
No  Basement 
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DD  =  65  -  [30  +^"]0']  or    DD  =  55°F  days 


The  heat  load  for  the  day  would  then  be 
28,430  x  55  =  1  ,564,000  Btu. 

The  load  for  the  entire  heating  season,  given  6000  DD,is 


L  =  28,430  ^r   x  6000  -~-  =  170,600,000  ' 


DD  year  '        '         year 

Now,   let  us  consider  the  cost  of  energy.     Assume, for  example, 
that  the  house  is   to  be  electrically  heated, with  electricity  cost  at 
$0.03  per  kwh.      The  cost  of  electricity  per  million  Btu  is  as   given 
below: 

1,000,000  Btu   «   $Q03     _      $8.79  permillion   Btu. 
3413   (Btu)(kwh)_l 

The  efficiency  of  an  electric   resistance  heater  is   1.0, and  so 
the  cost  of  heating  per  delivered  million  Btu  is   $8.79.      The   load 
times   the  cost  per  million  Btu  results   in  a   heating  cost,   C,  of 
$1500  per  year. 

C  =   $8.79  x  170.6  =   $1500/year. 

If  the  building   is  modified  in  design   for  ceiling  insulation  of  R-19 
rather  than   R-7,   everything  else   remaining  the  same,   the  load   is 
83,915   Btu  as   shown  on   the  third  page  of  Table  9-6.      Making  similar 
calculations,   as   the   foregoing,    the  heating  cost  per  year  would  be 
$1416.     This   is  a  net  savings  of  $84  per  year. 

83'9^  Btu  x  24  =   26,850  Btu/DD 
/  b 
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L  =  26,850  j£r     *  600°  ^—  =  161,100,000  Btu/year 
DO        year  J 


C  =  $8.79/mil  1  ion  Btu  x  161.1  million  ^-  =  $1416/year 

year        J 


Savings  =  $1500  -  $1416  =  $84/year. 
The  savings  factor  is  defined  as 


SF  = 


savings 


annual  cost  of  energy 
For  this  example 


5F  ■  im  -  °-056 


Is  the  savings  cost  worth  the  increased  cost  in  installing  R-19 
insulation  over  R-7?  To  answer  this  question  we  must  resort  to  some 
educated  guesses. 

Assume  that  the  mortgage  lifetime  is  25  years  and  the  interest 
rate  is  9%,  and  that  energy  costs  over  those  twenty-five  years  in- 
crease at  the  rate  of  6%  a  year.  A  6%-per-year  increase  indicates 
that  the  energy  cost  in  the  twenty-fifth  year  will  be  about  4.3  times 
the  present  value,  or  $37.80  per  million  Btu.  Although  this  seems 
large,  current  estimates  tend  to  show  increases  in  fuel  costs  of  about 
3  to  5  times  the  current  value. 

Figure  9-2  shows  curves  of  maximum  first-cost  investments  that 
can  be  made  for  various  fuel  cost  savings  and  energy  rate  increases 
at  different  savings  factors  and  interest  rates  for  a  mortgage  period 
of  25  years.  The  curves  are   based  on  the  equation, 

MFC  =  SF(a(d_-])  \    x  pee  ,  (9-1) 
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,  .    .  1+   ERI 

in  wrn  ch     a  =     -,  ,  . — 

and  MFC     is  maximum  first  cost, 

SF     is   savings   in   fuel , 

ERI     is  energy  rate  increase,   decimal, 
i      is   interest  rate,   decimal, 
n     is   number  of  years , 

PEE     is   present  energy  expense. 
From  Figure  9-2,   with  the  energy  savings  of  $84,   and  ERI  of  0.06, 
the  maximum  that  should  be  expended  is  -41400.    In  other  words,   for 
this   case,   if  it  costs   less   than  $1400  for  the  materials  and  the 
installation,   then   using  R-19  over  R-7  insulation   is  cost  beneficial 
and  should  be  incorporated.      A  change  in  conditions  can  alter  results; 
for  example,   a  change   in   the  estimated  inflationary  rate  of  energy 
from  6  percent  to  2  percent     results   in  a  maximum  cost  reduction  from 
$1400  to  $908.     A  2-percent  inflationary  increase  over  the  next  twenty-five 
years  yields  a  60-percent  increase  in  the  cost  of  energy  over  current 
costs,   a  number  certainly  lower  than  most  experts   have  projected. 
The  6%  rate   (a   four-  or  five-fold  increase   in  the  cost  of  energy 
over  the  next  twenty-five  years)   seems   to  be   in  reasonable  agreement 
with  the  projections  of  many  experts. 

Similarly,  we  can  analyze  the  effects  of  other  changes  once  we 
have  the  capability  to  calculate  heat  load  information.      Consider  a 
20-percent   reduction  of  window  area   from  that  shown   in   the  plans. 
From  Table  9-6,   the  heat  loss   rate   is  about  1600  Btu/hr  less. 
Another  change  which  could  be  considered  is  adding  wall    insulation. 
The   inclusion  of  R-9  wall    insulation  with   increased  ceiling   insula- 
tion could  be  evaluated.     All   of  these  energy-saving  comparisons  can 
be  made  by  following  the  procedure  given   in  the   foregoing  example. 
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These  calculations  are  predicated  on  the  ability  to  make  heat 
load  calculations  following  procedures  as  outlined  in  Module  5.  A 
computerized  technique  is  convenient  to  determine  the  sensitivity  of 
the  heat  loss  to  design  changes.  Once  the  effect  has  been  assessed 
in  terms  of  heat  losses,  it  is  a  relatively  simple  matter  to  make 
cost  analyses. 

It  is  interesting  to  note  from  Table  9-6  that  with  R-19  wall 
insulation,  R-47  ceiling  insulation,  storm  doors,  and  double  glass 
windows  with  storm  windows  (an  extremely  well-designed  building 
thermally),  the  heat  load  can  be  reduced  by  over  50  percent.  This  would 
indicate  that  savings  of  55  or  60  percent  of  the  original  energy  bill  are 
possible  by  better  building  designs.  For  design  of  a  solar  heated 
and  cooled  building  it  is  necessary  to  achieve  the  best  over-all 
building  design  consistent  with  cost  to  minimize  the  size  of  the 
solar  system.  A  combination  of  energy-conserving  measures  should  be 
considered  early  in  the  design  of  a  new  building. 

REFERENCE 
Energy  Conservation  Computer  Software  distributed  by  General  Services 
Administration,  Washington,  D.C. 
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LIST  OF  SYMBOLS 

DD  Degree  Day 

f  Fraction  of  monthly  heating  load  supplied  by  the  solar  system 

F  Fraction  of  annual   heating  load  supplied  by  the  solar  system 

FR  Collector  plate  efficiency  factor 

H  Daily  average  solar  radiation   for  the  month  on  horizontal   surface 

H  Daily  average  solar  radiation  on  horizontal   surface  outside 

the  earth's   atmosphere 

HT  Daily  average  solar  radiation,  over  a  month,  on  a  tilted  surface 

KT  Ratio,  H/H 

I  o 

L,,  Heating  load,  Btu 

L  Total    load,   Btu 

R  Ratio,   HT/H 

S  Total  solar  radiation  for  month 

SHW  Service  Hot  Water 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

To  practice  the  calculations  for  predicting  performance  of  a 
solar  system. 

SUB-OBJECTIVES 


1.  To  learn  to  use  the  f-charts  for  design  purposes. 

2.  To  examine  the  relationship  between  economics  and  energy- 
conservation  measures. 

PROBLEMS 

1.  Consider  the  same  house  that  was  used  in  the  previous  design 
laboratory.  Determine  the  size  for  a  solar  system  (liquid 
type)  to  provide  space  heating  and  service  hot  water  loads.  The 
collector  to  be  used  has  the  following  properties: 

F'R  ™  =  0.724 

F'RUL  =  0.947  Btu/Hr-Ft2  °F 

Use  the  worksheets  provided  in  the  notes.  The  collector  tilt  is 

to  be  latitude  +  15  .  Compare  the  results  obtained  in  this  design 

exercise  with  those  obtained  in  the  previous  design  session. 

2.  Now  suppose  that  the  heat  load  of  the  house  is  decreased  from 
17,200  Btu/DD  to  16,000  Btu/DD  by  adding  insulation  at  a  cost 
of  $300.  Repeat  problem  1. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  in  this  module  is  to  describe  the  elements  of 
fluid-heating  solar  collectors  and  identify  important  parameters  which 
affect  system  designs  and  performance. 

SUB-OBJECTIVES 

From  this  module  the  trainee  should  be  able  to: 

1.  Define  collector  efficiency 

2.  Identify  the  parameters  which  affect  collector 
efficiency 

3.  Recognize  the  advantages  and  disadvantages  of  air-heating  and 
liquid-heating  collectors 

4.  Identify  and  select  the  solar  collectors  best  suited  to  meet 
specific  requirements. 

TYPES  OF  COLLECTORS 


Collectors  are  divided  into  two  classes,  liquid-heating  and  air- 
heating  solar  collectors.  Both  types  consist  of  an  absorber  plate  with 
black  surface  coating  contained  in  a  metal  frame  box  with  one  or  more 
transparent  covers  above  the  absorber  plate.  The  covers  are  transparent 
to  incoming  solar  radiation  and  relatively  opaque  to  outgoing  (long-wave) 
radiation,  but  their  principal  purpose  is  to  reduce  heat  losses  by  convection 
Insulation  is  used  to  reduce  conduction  heat  losses  through  the  back  of  the 
collector,  or  a  vacuum  jacket  may  be  employed  to  reduce  both  conduction 
and  convection  heat  losses  from  the  absorber  surface.  Although  nearly 
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all    practical    systems   for  solar  space  heating  and  hot  water  heating 
involve  the  use  of  flat-plate  absorbers,  tubular  absorbers  inside 
evacuated  glass  tubes  or  at  the  focus  of  some  type  of  concentrating 
device   (lens  or  mirror)   have  been  built  and  tested. 

Typical    Liquid  Collector 

Figure  11-1  is  a  partially  sectioned  diagram  of  a  typical    flat-plate 
liquid  solar  collector.      The  drawing  shows  a  commercially  manufactured 
collector  comprising  a  glass-covered  metal    box  containing  an  absorber  plate 
to  which  an  array  of  tubes   is  attached,   beneath  which   insulation   is   provided. 
A  liquid  is   pumped  through  the  collector  tubes  and  manifolds  for  heating. 
Typical   collector  dimensions  are  6.5  ft  by  3  ft  by  6   inches.     The  space 
between  glass  covers    is    about  one-half  inch  and  the  inner  glass  'cover  is 
about  one  inch  above  the  absorber  plate.      Two  to  four  inches  of  insulation 
such  as   heat-resistant  fibrous  glass  are  commonly  used  below  the  absorber 
plate.     Metal    is   probably  the  best  material    for  absorber  plates,  and 
good  thermal   contact   is   required  between  the  absorber  plate  and  the 

tube  through  which  the  liquid   is   transported.      Volumetric   flow  rate   is 

2 
typically  0.02  gal/min.    ft     of  collector  surface  area. 

Typical   Air  Collector 

Figure   11-2   is  a  diagrammatic  sketch  of  a   typical    air-heating  solar 
collector.      The  principal    difference  between  the  air  and  liquid  types  of 
collectors   is   the  size  and  configuration  of  the  fluid  conduits.      The 
figure  shows   three  wide  air  passages  directly  beneath   the  absorber  plate. 
Air,  therefore,  flows  in  contact  with  nearly  the  entire  absorber  surface,  for 
effective  heat  transfer.      The  design   shown  also  has   internal   manifolds   for 
air  distribution  to  all   collector  panels   in  a  close-fitting  array.     Volumetric 
flow  rate   is   typically  2  cfm/ft2  of  collector  surface  area. 
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Figure  11-1.     Typical   Liquid-Heating  Collector 
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Figure  11-2.     Typical   Air-Heating  Collector 
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GENERAL  PRINCIPLES 

A  solar  collector  is  a  device  for  converting  the  energy  in  solar 
radiation  to  heat  in  a  fluid.  This  conversion  is  accomplished  by  absorbing 
the  solar  radiation  on  a  broad,  thin  metal  surface  which  is  in  contact  with 
a  stream  of  liquid  or  gas.  Absorption  of  solar  energy  causes  the  temperature 
of  the  metal  surface  to  rise  so  that  the  temperature  of  the  fluid  increases 
as  it  moves  past  the  surface. 

Under  steady  conditions,  the  useful  heat  delivered  by  the  solar  collector 
is  equal  to  the  energy  absorbed  in  the  metal  surface  minus  the  heat  losses 
from  that  surface  directly  and  indirectly  to  the  surroundings.  This 
principle  can  be  stated  in  the  relationship: 

Qu  -  Ac  [HT  xc  -  UL  (T  -  Ta)]  (11-1) 


where 


Q    is  useful  energy  delivered  by  collector,  Btu/hour 

A    is  total  collector  area,  ft 
c 

Hj   is  the  solar  energy  received  on  the  upper  surface  of  the 

2 
sloping  collector  structure,  Btu/hr-ft  of  tilted  surface 

t    is  fraction  of  the  incoming  solar  radiation  which  reaches  the 

absorbing  surface,  no  dimensions 
a    is  fraction  of  the  solar  energy  reaching  the  surface  which  is 

absorbed,  absorptivity,  no  dimensions 
U,   is  the  overall  heat  loss  coefficient,  Btu,  transferred  to  the 


L 


2 
surroundings  per  hour/ ft  of  exposed  collector  surface  per  degree 

difference  between  average  collector  surface  temperature  and 

the  surrounding  air  temperature 
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T   is  average  temperature  of  the  upper  surface  of  the  absorber 

plate,  F 

T    is  atmospheric  temperature,  F. 
a 

A  diagrammatic  representation  of  the  terms  in  this  relationship  is  shown 
in  Figure  11-3. 


HEAT  LOSSES  FROM  COLLECTOR 

In  order  that  the  performance  of  the  collector  can  be  as  high  as 
economically  practical,  the  design  and  operating  factors  which  can  maximize 
the  value  of  the  first  term  on  the  right  hand  side  of  Equation  (11-1) 
and  can  minimize  the  value  of  the  second  term  are  selected.  In  other  words, 
the  greater  the  energy  absorption  in  the  metal  surface  and  the  lower  the  heat 
loss  from  that  surface,  the  higher  will  be  the  useful  recovery.  If  a  bare 
metal  plate  serves  as  the  collector,  and  with  typical  values  of  2  to 
10  Btu/hr-ft  -°F  for  the  coefficient  of  heat  transfer  to  the  atmosphere 
(U.  ),  the  rates  of  heat  loss  will  be  large, so  that  an  absorber  plate 

temperature  of  25  to  50  degrees  above  atmospheric  temperature  would  be 

2 
the  maximum  achievable  under  typical  full  solar  radiation  of  300  Btu/hr-ft  . 

Under  these  conditions  no  useful  heat  would  be  delivered  from  the  collector 

because  the  heat  loss  would  be  equal  to  the  solar  heat  absorbed,  leaving 

nothing  for  useful  delivery. 

To  reduce  the  rate  of  heat  loss  occurring  by  radiation  and  convection, 

one  or  more  transparent  surfaces,  such  as  glass,  can  be  placed  above  the  metal 

surface.  The  glass  will  transmit  as  much  as  90  percent  of  the  solar 

radiation  striking  it,  and  it  will  greatly  reduce  the  heat  loss  coefficient, 

U.  .  This  reduction  is  due  to  the  suppression  of  convection  losses  by  the 

relatively  stagnant  air  layer  between  the  absorber  plate  and  the  glass,  and 

by  intercepting  the  long-wave,  thermal  radiation  emitted  by  the  hot  metal 
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Figure    11-3.      Definition   Sketch   for  Equation    (11-1). 
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surface  because  glass  is  opaque  to  the  long-wave  radiation.     The  heat 
loss  coefficient  can  be  reduced  to  1  to  2  Btu/hr-ft   •    F     by  the  use 
of  one  glass  cover.     Similar  benefits  can  be  realized  by  use  of  certain 
transparent  plastic  materials. 

Further  reduction  in  the  heat-loss  coefficient  can  be  realized  by 
using  a  second  transparent  surface  with  an  air  space  between  the  two 
surfaces.     Two  relatively  stagnant  air  barriers  to  convection  loss  are 
then  present,  as  well   as  two  surfaces   impeding  radiation  loss.     Coefficients 
in  the  range  of  0.7  Btu/hr-ft   •    F  are  typically  then  obtained. 

Radiation  losses  can  be  reduced  by  other  techniques,  such  as  by 
reducing  the  radiation-emitting  characteristics  of  the  heat-absorbing 
surface.     This  measure  is  discussed  in  the  section  pertaining  to  the 
solar  radiation  absorbing  characteristics  of  the  surface.     Thermal 
radiation  emitted  by  the  absorber  plate  may  also  be  reduced  by  reflecting 
it  downward  from  the  lower  glass  cover  by  employing  an  infrared-reflecting 
coating  on  the  glass.     An  optically  transparent,  \/ery  thin  layer  of  tin 
oxide  or  indium  oxide  deposited  on  the  glass  will    reduce  radiation  loss 
by  reflecting  it  back  to  the  absorber  plate.     This  coating  absorbs  a 
small    fraction  of  the  solar  radiation,  however,   so  the  reduced  thermal 
loss  is  largely   offset  by  reduced  solar  energy  input  to  the  absorber 
plate. 

Significant  losses  can  occur  from  the  side  and  back  of  the  collector 
unless   insulation   is   used.      It   is  advisable  to  use  a   high-temperature 
insulation  adjacent  to  the  back  side  of  the  absorber  plate  layered  with  a 
lower  temperature  insulation  to  provide  the  required  resistance  to  heat 
flow.     The  total    R  value  of  the  insulation  should  be  at  least  10  for  medium- 
temperature  flat-plate  collectors. 
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A  transparent  honeycomb  of  thin  plastic  film  can  also  suppress 
radiation  loss  if  interposed  between  the  absorber  plate  and  the  lower 
glass  cover.  Convection  loss  suppression  also  can  be  achieved,  leading 
to  improvement  of  overall  efficiency.  Low-  to  moderate-priced  plastic 
film  does  not  appear  to  have  sufficient  resistance  to  damage  by  high 
collector  plate  temperatures,  however,  so  this  technique  has  not  been 
commercially  utilized. 

The  foregoing  discussion  has  been  concerned  with  methods  for 
reducing  U.  ,  the  heat  loss  coefficient,  to  the  lowest  practical  level. 
By  so  doing,  the  total  heat  loss  is  minimized  and  collector  efficiency  is 
increased.  It  is  evident  from  Equation  (11-1)  that  losses  also  decrease 
as  the  difference  between  plate  temperature  and  air  temperature  decreases. 
The  ambient  (outside)  air  temperature  is  an  uncontrollable  factor,  of  course, 
but  the  fact  that  it  varies  with  time  and  with  geographic  location  means 
that  collector  efficiency  will  also  be  dependent  upon  these  factors.  It 
is  clear,  also,  that  a  collector  will  be  more  efficient  at  lower  plate 
temperatures  than  at  high  temperatures.  But  plate  temperature  is  dependent 
largely  on  the  way  the  collector  is  operated,  that  is,  by  the  temperature 
of  the  fluid  being  circulated  in  contact  with  the  plate,  the  rate  of  fluid 
circulation,  and  the  type  of  fluid.  Fluid  temperature  depends  on  conditions 
elsewhere  in  the  system,  whereas  the  other  factors  depend  on  the  collector 
design  and  the  operating  conditions. 

SOLAR  ENERGY  ABSORPTION 

In  Equation  (11-1),  the  first  term  is  the  solar  energy  absorbed  in 
the  absorbing  surface,  which  depends  upon  the  solar  energy  incident  on  the 
tilted  surface  of  the  collector  and  is  affected  by  collector  orientation, 
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as  outlined  in  Module  4.  This  climatic  variable  can  be  measured  or 
derived  from  tables  of  averages,  and  if  not  already  converted,  can  be 
calculated  for  the  proper  collector  position. 

The  transmissivity  of  the  glass,  x,  is  a  function  of  the  quality  of 
the  glass  and  the  angle  at  which  the  solar  radiation  reaches  the  glass. 
At  normal  incidence  (solar  beam  perpendicular  to  the  glass  surface), 
one  sheet  of  ordinary  window  glass  reflects  about  8  percent  of  the  solar 
radiation.  Two  sheets  of  glass  with  air  space  between  reflect  about  15 
percent.   Impurities  in  the  glass,  principally  iron,  result  in  some  radiation 
absorption;  typical  glasses  1/8  inch  in  thickness  absorb  one  to  five  percent 
per  sheet.  Glass  with  reasonably  low  iron  content  may  absorb  about 
2  percent  per  sheet,  so  at  normal  incidence,  the  total  transmission  of 
2  sheets  of  glass  can  be  approximately  80  percent.  The  value  of  t  is, 
therefore,  0.8. 

Because  the  beam  radiation  from  the  sun  strikes  the  collector  at  an 
angle  which  varies  throughout  the  day,  as  well  as  seasonally,  a  weighted 
mean  transmissivity  is  somewhat  lower  than  this  normal -incidence  value. 
Precise  calculations  can  be  made,  but  a  satisfactory  approximation  for  a 
single-glazed  collector  can  be  based  on  a  10-percent  average  reflection 
loss  and  a  suitable  absorption  loss  dependent  on  glass  quality.  Assuming 
2-percent  absorption,  an  average  transmissivity,  x,  could  be  about  0.88. 
In  a  double-glazed  collector,  an  effective  transmission  coefficient  of 
0.78  could  be  used  with  good  quality  glass. 

If  plastics  are  used  for  the  transparent  surfaces,  transmission 
coefficients  could  be  appreciably  different,  depending  upon  the  character- 
istics of  the  plastics.  Some  have  transmissivi ties  moderately  higher  than 
glass,  whereas  others  show  lower  values. 
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Methods   for  reducing  the  reflectivity  of  glass  surfaces   have  been 
developed.      Metallic  films   formed  by  vapor  deposition  are  commonly  used 
as  lens  coatings   in  photographic  equipment.     These  interference  layers 
are  too  costly  for  use  in  solar  collectors.     Another  process   involves  a 
delicate  etching  of  the  glass  surface  by  acid  treatment,  producing  essen- 
tially a   slightly  porous  silica  surface.      Solar  reflectivities  as   low  as 
1  to  2  percent  can  be  obtained  under  carefully  controlled  conditions. 
Total    transmissi vity  of  a  double-glazed  collector  can   thereby  be   increased 
to  values  above  90  percent.     The  cost-effectiveness  of  this  substantial 
improvement  in  performance  has  yet  to  be  established. 

The  solar  absorptivity  of  the  radiation-receiving  surface,  a,   is 
dependent  on  the  optical    property  of  the  materials  exposed  to  solar 
radiation.      Surfaces  which  appear  black  to  the  eye  have  high  absorptivity 
for  the  visible  portion  of  the  solar  spectrum,  and  usually  also  are  good 
absorbers   for  the  infrared  portion  of  the  solar  radiation.      Carbon  black, 
numerous  metal   oxides,   and  most  black  paints  have    absorptivi ties  above 
0.95,   that  is,   they  absorb  95  percent  of  the  solar  radiation   reaching  the 
surface.      The  remainder  of  the  solar  radiation   is   reflected  upwards   through 
the  glazing.      The  overall   efficiency  of  the  collector  is   strongly  dependent 
on  the  absorptivity  of  this  surface. 

The  most  common   types  of  absorber  surfaces  are  heat-resistant 
black  paints,   usually  applied  by  spraying,   followed  by  curing  with 
heat  to  eliminate  solvents  and  to   secure  permanence.      These  surfaces  must 
be  capable  of  prolonged  exposure  to  temperatures  of  300  to  400     F  in 
double-glazed  collectors,  without  appreciable  deterioration  or  outgassing. 
In  a  recently  developed  solar  air  collector,   sheet  steel   coated  with  black 
porcelain  enamel    (applied  to  the  steel   as  a  sprayed-on  frit  and  fused 
to  the  surface  in  a   furnace)   is  achieving  successful   application. 
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SELECTIVE  SURFACES 

Most  surfaces  that  are  good  absorbers  for  solar  radiation  are  also 
good  radiators  of  heat.   If,  for  example,  a  surface  has  an  absorptivity 
of  0.95  for  solar  radiation,  it  will  normally  radiate  heat  at  a  rate 
about  95  percent  of  that  of  a  "perfect"  radiator.  Certain  combinations  of 
surfaces,  however,  are  capable  of  absorbing  solar  radiation  effectively, 
while  at  the  same  time  radiating  heat  at  a  low  rate.  These  combinations 
are  known  as  selective  surfaces.  Most  selective  surfaces  are  composed 
of  a  very   thin  black  metallic  oxide  on  a  bright  metal  base.  The  black 
oxide  coating  is  thick  enough  to  act  as  a  good  solar  absorber,  with  an 
absorptivity  as  high  as  0.95,  but  it  is  essentially  transparent  to  long- 
wave thermal  radiation  emitted  by  an  object  at  a  temperature  of  several 
hundred  degrees  F.  Since  bright  metals  have  low  emissivity  for  thermal 
radiation,  that  is,  are  poor  heat  radiators,  and  since  the  thin  oxide 
coating  is  transparent  to  such  radiation,  the  combination  is  a  poor 
heat  radiator.  As  a  result,  the  radiation  loss  from  this  type  of  surface 
is  considerably  lower  than  from  a  conventional,  non-selective  surface. 
Thus,  the  overall  heat  loss  coefficient,  U.  ,  has  a  lower  value  when  this 
type  surface  is  used. 

The  most  successful  and  stable  selective  surface  developed  to  date 
is  made  by  electroplating  a  layer  of  nickel  on  the  absorber  plate,  then 
electrodeposi ting  an  extremely  thin  layer  of  chromium  oxide  on  the  nickel 
substrate.   Nickel  oxide  coatings  have  also  been  used,  but  they  are  less 
resistant  to  damage  from  moisture.  Coatings  of  copper  oxide  on  bright 
copper  and  nickel  have  similar  properties,  but  temperature  stability  is 
limited.  The  most  effective  selective  surfaces  have  solar  absorptivi ties 
near  0.95  and  thermal  emissivities  near  0.1. 
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COLLECTOR  PERFORMANCE 

CONVENIENT  PERFORMANCE  EQUATION 

Having  now  recognized  the  principal  design  factors  affecting  collector 
performance,  specifically  those  related  to  heat  loss  control  and  those 
involving  the  absorption  of  solar  radiation,  we  now  can  see  from  Equation 
(11-1)  that  if  the  numerical  values  of  all  the  terms  are  known,  the  rate  of 
useful  heat  recovery,  Q  ,  can  be  calculated.  In  addition  to  the  design 
characteristics  of  the  collector  discussed  above,  the  three  operation  condi- 
tions, solar  radiation,  average  absorber-plate  temperature,  and  ambient 
temperature, must  be  known.  With  the  exception  of  plate  temperature,  these 
terms  can  readily  be  measured  or  obtained  from  tables  or  charts..  Absorber- 
plate  temperature,  however,  is  seldom  known,  nor  can  it  be  easily  deter- 
mined.  It  is  affected  by  the  other  collector  operating  conditions  and, 
most  critically,  by  the  temperature  of  the  fluid  being  supplied  to  the 
collector  to  be  heated. 

In  an  operating  system  comprised  of  collector,  storage,  and  space  being 
heated,  the  temperature  of  the  fluid  in  storage  can  be  measured.  When  a 
system  is  being  designed  for  a  building,  storage  temperature  can  be 
calculated  or  assumed  until  confirmed.  This  fluid  is  supplied  to  the  collector 
and  strongly  controls  the  absorber-plate  temperature  in  Equation  (11-1).  In 
a  typical  liquid  collector,  average  plate  temperatures  usually  are  10  to 
20  degrees  above  inlet  liquid  temperature,  and  in  air  collectors,  the 
temperature  difference  is  30  to  50  degrees.  As  a  convenience,  therefore, 
Equation  (11-1)  can  be  modified  by  substituting  inlet  fluid  temperature  for  the 
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average  plate  temperature,   if  a  correction  factor  is  applied  to  the 
resulting  useful   heat  determination.     The  resulting  equation  is 

\  -   FRAc   CHT  »  "  UL   <Ti   "  Ta»  <U-2> 


where 


T.   is  the  temperature  of  the  fluid  entering  the  collector 
FD   is  a  correction  factor  or  "heat  recovery  factor",  having  a 
value  between  0  and  1.0,  such  that  the  useful  heat  recovery 
calculated  by  Equation  (11-2)  is  equal  to  that  calculated  by 
Equation  (11-1). 


HEAT  RECOVERY  FACTOR 

The  heat  recovery  factor,  FR,  can  be  interpreted  as  the  ratio  of  the 
heat  actually  recovered  to  that  which  would  be  recovered  if  the  collector 
plate  were  operating  at  a  temperature  equal  to  that  of  the  entering  fluid. 
This  temperature  equality  would  theoretically  be  possible  if  the  fluid 
were  circulated  at  such  a  high  rate  through  the  collector  that  there  would 
be  a  negligible  rise  in  the  temperature  of  the  fluid  passing  through 
the  collector ,  and  the  heat  transfer  coefficient  were  so  high  that  the 
temperature  difference  between  the  absorber  surface  and  the  fluid  would  be 
negl  igible. 

In  Equation  (11-2),  the  temperature  of  the  inlet  fluid  is  dependent 
on  the  characteristics  of  the  complete  solar  heating  system  and  the  heat 
demand  of  the  building.  FR,  however,  is  affected  only  by  the  collector 
characteristics  and  the  fluid  flow  rate  through  the  collector.  As  indicated 
above,  the  numerical  value  of  FR  would  be  1.0  if  the  entering  fluid  tempera- 
ture and  the  average  plate  temperature  were  the  same. 
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COLLECTOR  TEMPERATURE  PATTERNS 

The  better  the  heat  transfer  coefficient  between  the  metal  plate  and 
the  fluid,  the  more  nearly  the  fluid  temperature  will  approach  the  plate 
temperature  at  any  one  position  in  the  collector,  hence  the  higher  will  be 
the  value  of  FR.  Similarly,  the  greater  the  fluid  circulation  rate,  the 
smaller  will  be  the  temperature  change  from  inlet  to  outlet  and  the 
closer  will  be  the  inlet  fluid  temperature  to  the  average  plate 
temperature.  Figure  11-4  shows  a  typical  temperature  pattern  in  a  solar 
heater  being  supplied  with  liquid  at  130  degrees.  Liquid  leaves  the 
collector  at  about  150  degrees,  the  collector-plate  temperature  is  about 
10  degrees  above  the  liquid  temperature  throughout  the  collector,  and 
the  average  plate  temperature  is  about  150  degrees.   If  typical  values 
of  the  collector  parameters  are  substituted  in  Equations  (11-1)  and  (11-2), 
it  will  be  found  that  using  130  °F  as  inlet  fluid  temperature  in  Equation  (11-2) 
instead  of  150  °F  as  the  average  plate  temperature  in  Equation  (11-1)  would 
necessitate  use  of  a  heat  recovery  factor,  FR,  of  about  0.9  to  obtain  the 
correct  value  of  Q  .   If  the  coefficient  of  heat  transfer  between  the 
collector  plate  and  the  liquid  is  lower,  or  if  a  lower  fluid  circulation 
rate  is  used,  the  value  of  FR  would  be  slightly  less. 

A  temperature  pattern  in  a  typical  air-heating  collector  operating 
with  an  air  supply  from  the  space  being  heated  or  from  the  cold  end  of  a 
pebble-bed  storage  unit  at  70  F  is  also  shown  in  Figure  11-4.   Full  sun 
and  a  practical  air  circulation  rate  of  about  2  cfm  per  square  foot  of  collector 
are  assumed  in  the  example.  An  air  temperature  rise  of  about  60  to  80 
degrees  would  occur  under  these  conditions,  which  is  much  higher  than  in  the 
liquid  case  because  of  the  lower  specific  heat  for  air.  The  mass  flow  rate 
is  about  the  same  as  that  of  the  liquid  (measured  as  pounds  per  hour,  for 
example)  for  suitable  pressure  loss  conditions.  Rather  than  a  moderate 
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10-degree  difference  between  plate  and  fluid  temperatures,  as  in  the  liquid 
case,  the  air  collector  is  characterized  by  a  30-to-50-  F  temperature  driving 
force.  The  much  lower  heat  transfer  coefficient  from  the  plate  to  the  air 
is  responsible  for  this  difference.  Under  the  conditions  chosen,  the  average 
plate  temperature  would  be  about  150  degrees,  approximately  the  same  as  that 
estimated  for  the  liquid  system.  Use  of  Equation  (11-2)  with  an  inlet 
temperature  of  70  degrees  results  in  a  heat  recovery  factor,  FD,  typically 
about  0.7  for  the  air  collector.  Characteristically,  solar  air  heaters 
having  heat  transfer  surfaces  approximately  equal  to  the  solar  absorbing 
area  show  heat  recovery  factors  substantially  below  those  achieved  in  liquid 
collectors.  However,  as  shown  below,  this  difference  must  not  be  interpreted 
as  superiority  of  one  over  the  other  when  used  in  suitably  designed  systems. 

COLLECTOR  EFFICIENCY 

Equation  (11-2)  may  be  rewritten  as  an  efficiency  of  solar  collection, 
that  is,  the  ratio  of  useful  heat  delivery  divided  by  the  total  solar 
radiation,  by  dividing  both  sides  of  the  equation  by  HT  and  by  A  .  Equation 
(11-3)  is  the  result. 


n  (T  -  T  )    collector 

fr  Ta  ~  fruL  -1 i.   =  efficiency  (11-3) 


HTAC  HT 

For  a  given  collector  operating  at  a  constant  fluid  circulation  rate,  A  , 

Fp,  t,  a,  and  U,  are  nearly  constant  regardless  of  solar  and  temperature 

conditions.  Assuming  that  they  are  constant,  Equation  (11-3)  represents  a 

straight  line  on  a  graph  of  efficiency  versus  _J _a_  .  The  characteristics 

HT 
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of  this  line  are  an  intercept  (the  intersection  of  the  line  with  the 

vertical  efficiency  axis)  equal  to  the  numerical  value  of  FR  xa  and 

a  "slope"  of  the  line,  that  is,  the  vertical  scale  change  divided  by  the 

horizontal  scale  change,  equal  to  (-FRU  ).  So  if  experimental  data  on 

collector  heat  deli  very  at  various  temperatures  and  solar  conditions  are 

T.-  T 
plotted  on  a  graph, with  efficiency  as  the  vertical  axis  and  — ^q — — 

as  the  horizontal  axis,  the  best  straight  line  through  the  data  points 
is  a  complete  representation  of  the  collector  performance  over  its 
entire  operating  range.  Where  the  line  intersects  the  vertical  axis 
corresponds  to  the  fluid  inlet  temperature  being  the  same  as  the  ambient 
temperature,  and  collector  efficiency  is  at  its  maximum.  Where  the 
line  intersects  the  horizontal  axis,  collection  efficiency  is  zero.  This 
situation  corresponds  to  such  a  low  radiation  level  or  such  a  high  tempera- 
ture of  the  fluid  supply  to  the  collector  that  heat  losses  are  equal  to 
solar  absorption  and  no  useful  heat  is  delivered  from  the  collector. 

Typical  Collector  Characteristics 

Figure  11-5  shows  efficiencies  of  several  types  of  collectors 
correlated  in  this  way.  These  lines  are  the  results  of  actual  measurements 
Collectors  4  and  7  are  seen  to  have  the  highest  efficiencies,  but  final 
selection  also  depends  on  costs,  durability,  appearance,  and  so  on. 
Collector  4  appears  to  have  the  best  performance  of  all  those  compared  in 
Figure  11-5  if  normally  operated  at  conditions  represented  by  the  left- 
hand  side  of  the  graph.  Such  conditions  are  low  operating  temperatures 
or  high  solar  radiation.  Near  the  right-hand  side  of  the  graph,  however, 
collector  7  is  more  efficient  than  collector  4,  where  high  inlet 
collector  temperatures  or  low  solar  radiation  prevail.   It  is  evident  that 
some  collectors  are  better  than  others  in  some  temperature  and  radiation 
ranges,  whereas  a  reversal  can  occur  at  different  conditions. 
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Figure   11-5.      Solar  Collector  Efficiency 
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A  graph  such  as  that  in  Figure  11-5  for  a  particular  collector,  when 
compared  with  others  of  similar  type, can  be  used  for  selecting  suitable 
equipment.  Collector  manufacturers  usually  provide  such  data. 
Of  equal  value  are  dependable  data  on  the  quantities  FRia  and  FpU.  . 
Knowledge  of  those  two  factors  is  equivalent  to  having  the  graphical 
relationship.  Table  11-1  contains  this  information  for  the  same 
collectors  shown  in  Figure  11-5. 

Comparison  of  Liquid  and  Air  Collector  Performance 

Figure  11-6  shows  efficiency  relationships  for  a  widely  used  air 
collector  operating  at  two  different  air  circulation  rates,  and  a 
liquid  collector  (collector  5  from  Figure  11-5).  Whereas  flow  rate 
does  not  significantly  affect  the  efficiency  of  a  liquid  collector, 
it  is  evident  that  air  flow  rate  has  a  significant  influence  on  air  collector 
performance.  Although  even  greater  efficiencies  can  be  achieved  with 

higher  air  flow  rates,  the  larger  pressure  drop  and  power  requirements 

2 
to  circulate  air  at  rates  above  2  cfm/ft  force  a  compromise  between 

collector  efficiency  and  power  consumption.  Figure  11-6  also  shows 

that  at  the  same  inlet  temperature,  ambient  temperature,  and  solar 

radiation  level,  the  liquid  collector  is  more  efficient.   It  is  important 

to  recognize,  however,  that  liquid  and  air  collectors  normally  operate  at 

very  different  inlet  temperatures,  so  that  air  collectors  usually  operate 

at  conditions  substantially  nearer  the  left  side  of  the  graph  than  do 

the  liquid  type.  The  net  result  is  comparable  operating  efficiency  with  the 

two  types. 
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Figure   11-6.      Comparison  of  Liquid  and  Air 
Collectors  Based  on  Measured 
Performance   (points   shown  are 
for  air  collector  operating  at 
2  cfm/ ft2). 
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The  foregoing  comparison  leads   to  the  conclusion  that  whereas 
similar  types  of  collectors  such  as  flat-plate  liquid  heaters  can  be 
compared  by  means  of  a  graph  such  as   Figure   11-5,   comparisons  cannot  be 
drawn   in  this  way  between  different   types.     A  second  conclusion   is   that 
since  the  conditions   under  which  the  collector  must  operate  depend  on  system 
conditions,   particularly  storage  temperature,  comparative  evaluation 
requires  attention  to  the  other  components   in  the  system  and  their 
effect  on  collector  performance. 

Table   11-2  contains  a   step-by-step  summary  comparison  of  air  and 
liquid  types  of  collectors.     Typical   air  and  water  heaters  are  compared 
at  a  high  solar  radiation  level   at  a   fairly  low  solar  intensity. 
Characteristic  designs  and  operating  conditions  have  been  assumed. 

Figure  11-7  shows   the   results  of  the  two  calculations   in  graphical 
form.      It  may  be  noted  that  at  the  high  solar  radiation  level,   300  Btu/hr-ft   , 

the  two  collectors  have  identical    (50%)   efficiency,   and  at  the  lower 

2 
solar  level,    150  Btu/hr-ft   ,   the  air  collector   (operating  at  the  characteris- 
tically low  return  air  temperature)   has  an  efficiency  substantially  greater 
than   the  liquid  collector. 

In  another  section  of  this  manual,  methods   for  appraising  the 
performance  of  complete  systems   under  varying  atmospheric  and  solar 
conditions  are  presented. 

COMPARISON  OF  LIQUID  AND  AIR  HEATING  SOLAR  COLLECTORS 

Solar  air  collectors  have  not  achieved  the  degree  of  use  which  liquid 
collectors   have,   perhaps  because  of  the  prior  art   in  solar  water  heating 
in  warm  climates.      Evacuated  glass   tube  solar  collectors,   because  of  their 
high  efficiency  and  relatively  low  material   costs,  offer  the  possibility 
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Table  11-2.      Comparison  of  Typical   Solar  Heating  Systems 
Employing  Liquid  and  Air  Collectors 

Performance  Relationship: 

Q  T.   -  T 

II  1  f\ 

Collection  Efficiency:        J~ti~    =  fr  Ta  "  frul  ^ — H ^ 

c  T  T 


Design  Characteristics: 

Heat  Recovery  Factor  Fr 

Heat  Loss  Coefficient  U, 

Cover  Transmission  x 

Plate  Absorptivity  a 

FR  xa 

F  U 
rR  UL 

Operating  Conditions: 

Atmospheric  Temperature  T.,  F 
Fluid  Inlet  Temperature  T. ,  F 
Solar  Radiation  HT,  Btu/hr*ft2 
Fluid  Flow  Rate,  gpm/ft2,  cfm/ft2 


(Ti 


VHT 


Calculated  Performance: 
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Figure   11-7.      Results  of  Performance 
Calculations. 
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of  substantially  improving  the  overall    performance  of  liquid  systems. 
A  double  glass  wall    tube  with  the  annular  space  between  the  two  concen- 
tric glass  tubes  evacuated  offers  the  possibility  of  some  improvement, 
even  for  solar  air  heating  col  lectors, if  they  can  be  produced  and  sold 
at  competitive  prices. 

As   to  solar  collector  failure,   the   rate  is  much  greater  for  liquid 
systems   used  for  heating  buildings.      On  the  other  hand,  at  least  one 
manufacturer  of  air-heating  solar  collectors  guarantees    its   product  for 
10  years. 

Concentrating  solar  collectors   for  the  heating  of  buildings  do  not 
appear  to  be  practical    in  areas  of  the  world  where  a   large  fraction  of  the 
total    solar  energy  received  is   in  the  form  of  diffuse  solar  radiation. 
While  flat-plate  solar  collectors  collect  diffuse  solar  radiation 
along  with  direct-beam  solar  radiation,   concentrating  solar  collectors 
collect  direct-beam  solar  radiation  only. 

In  air  systems,   the  problems  of  designing  for  solar  collector  over- 
heating during  periods  of  no  energy  removal   are  minimized.     Warm-air 
heating  systems  are  already  in  common  use.      Conventional   control   equipment 
is  readily  available  for  application  to  air  systems. 

Disadvantages  of  air  systems   include  relatively  high  fluid  circulation 
costs   (especially  if  the  rock  heat-storage  unit  is  not  carefully  designed), 
relatively  large  volumes  of  storage   (roughly  three  times  as  much  volumne 
as   for  water  heat  storage),   a  higher  noise  level,   the  difficulty  of 
adding  conventional   absorption  air  conditioners  to  air  systems,   and  the 
space  required  for  ducting. 

Advantages  of  air  systems   include  no  corrosion  problems,   no  boiling 
problems,   less  concern   for  leakage,   no   freezing  worries,   and  possibly 
lower  maintenance  costs   than  for  liquid  systems. 
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Advantages  of  water-heating  solar  systems  include  use  of  a  common 
heat  transfer  and  storage  medium  in  areas  of  the  world  where  freezing  tempera- 
tures are  not  encountered.  The  water  storage  volume  is  about  one-third  of 
the  volume  of  rocks  for  air  systems  to  store  equal  quantities  of  heat. 
Liquid  systems  are  rather  easily  adapted  to  supply  energy  to  absorption  air 
conditioners.  They  are  also  less  noisy  than  air  systems  and  are  more  readily 
adaptable  to  various  architectural  arrangements.  The  energy  requirements 
for  pumping  the  heat-transfer  fluid  range  from  6  to  8  percent  of  the  useful 
solar  energy  delivered. 

In  those  areas  of  the  world  where  freezing  temperatures  are  encountered, 
the  liquid  used  in  the  collector  is  separated  from  the  water  in  the  storage 
tank  by  means  of  a  heat  exchanger.  This  results  in  a  temperature  difference 
between  the  collector  inlet  temperature  and  the  storage  water  temperature, 
hence  in  a  higher  absorber-plate  temperature.  An  additional  water  pump 
is  required  when  a  heat  exchanger  is  used.  Solar  water-heating  systems 
usually  operate  at  lower  temperatures  than  conventional  hot  water  systems 
and  therefore  require  additional  heat  transfer  surface  area  or  fan-coil 
units  to  transfer  heat  into  the  building.  Liquid-heating  collectors  may 
also  operate  at  excessively  high  temperatures  (especially  in  the  spring 
and  fall  when  both  heating  and  cooling  loads  are  least)  and  means  must  be 
provided  to  avoid  boiling  in  the  collector  and  rupturing  the  tubes  in  the 
collector  because  of  increased  pressures.  When  aqueous  solutions  are  used 
as  the  liquid,  care  must  be  exercised  to  minimize  corrosion  problems, 
especially  in  the  collector. 
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COLLECTOR  ARRAYS 

When  arranging  individual  collector  units  into  arrays,  it  is 
important  to  achieve  equal  flows  through  each  collector.  An  array  of 
liquid-heating  solar  collectors  could  be  arranged  as  shown  in  Figure  11-8, 
with  headers  at  the  top  and  bottom  of  the  array.     Satisfactory  flow  distri- 
bution is  realized  if  the  headers  are  sized  so  that  the  head  loss  (pressure 
drop)  from  the  bottom  to  top  of  each  collector  (column)  is  about  96  percent 
of  the  total  head  loss  from  A  to  B. 

An  arrangement  for  an  array  of  air-heating  collectors  is  shown  in  Figure 
11-9.  The  main  manifold  ducts  are  sized  in  accordance  with  the  volumetric 
air  flow  rates,  and  in  the  scheme  shown,  the  manifolds  within  the  collectors 
are  used  as  "headers".  The  specific  arrangement  will, of  course, depend  upon 
the  design  of  the  collector. 
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Figure  11-8.     Definition  Sketch  for  Fluid  Flow  Distri- 
bution, A  Solar  Collector  Array. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  of  this  module  is  to  distinguish  and  describe  the 
design  requirements  for  different  types  of  heat  storage  for  air-heating 
and  liquid-heating  solar  systems. 

SUB-OBJECTIVES 


With  the  material  in  this  module  the  trainee  should  be  able  to: 

1.  Identify  the  two  principal  types  of  heat  storage  used  with 
solar  systems 

2.  Describe  the  various  aspects  in  the  design  and  function  of 
water  storage,  rock  bed  storage,  and  eutectic  salt  storage. 

The  purpose  of  thermal  (or  heat)  storage  in  a  solar  heating  and 
cooling  system  is  to  provide  heat  overnight  and  overintermittently  cloudy 
periods  during  the  day.  The  heat  must  be  easily  stored  from  the  collec- 
tors, readily  supplied  to  the  heating  and  cooling  system,  have  few  internal 
losses  or  losses  to  the  environment,  be  inexpensive  and  not  take  up  an 
excessive  amount  of  floor  space.  There  are  limitations  to  storage  size 
for  a  given  collector  area.  Several  factors,  the  most  important  of  which 
is  cost,  dictate  that  storage  should  be  designed  to  serve  an  18-to-30-hour 
time  period. 

TYPES  OF  STORAGE 

The  two  principal  types  of  storage,  water  storage  and  rock  bed 
storage,  are  associated  with  a  specific  type  of  collection  system. 
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Both  types  are  based  on  sensible  heat  storage,  in  which  the  quantity  of 
heat  stored  is  directly  proportional  to  the  temperature  rise  in  the  storage 
medium.  Storage  of  heat  in  water  is  generally  used  with  a  hydronic  system 
and  storage  in  a  rock  bed  is  generally  used  with  a  hot  air  system.  Water 
has  a  high  capacity  for  heat  storage  and,  although  rocks  have  one-fifth 
as  much  as  water,  both  rocks  and  water  are  inexpensive. 

Other  types  of  heat  storage  material  include  metals.  Iron,  which  is 
among  the  cheapest,  is  a  material  which  has  a  high  heat-storage  capacity 
per  unit  volume.  However,  this  material  is  about  twenty  times  more 
expensive  than  rock  for  an  equivalent  heat  storage  capacity. 

Another  heat  storage  possibility  is  the  use  of  phase  change  materials 
like  eutectic  salts  (salt  hydrates).  These  materials  store  latent  as  well 
as  sensible  heat.  That  is,  they  utilize  the  heat  of  liquefaction  as  the 
primary  means  of  storing  heat.  Large  amounts  of  heat  can  be  stored  and 
released  by  the  process  of  melting  and  solidifying  without  change  in 
temperature.  The  principal  advantage  in  the  use  of  these  materials  is 
that  smaller  storage  size  is  needed  as  compared  with  a  water  tank  or  a  rock 
bed.  However,  there  are  a  number  of  problems  that  are  associated  with 
these  materials  that  have  been  examined  by  researchers  for  years  and  have 
not  as  yet  been  resolved. 

STORAGE  CHARACTERISTICS 

WATER  STORAGE 

Heat  can  be  stored  in  a  tank  of  water  by  circulating  water  from  the 
tank  through  the  collector  loop  and  back  to  the  tank  either  directly  or 
by  interfacing  the  tank  and  collector  loop  with  a  heat  exchanger.  Thus,  the 


12-3 

temperature  of  the  entire  tank  is  gradually  increased.  For  non-pressurized 
tanks,  the  temperature  will  be  limited  to  slightly  below  the  boiling  point 
of  water.  A  non-pressurized  tank  should  be  vented,  but  the  system  size 
should  be  designed  to  prevent  boiling.  There  is  loss  of  energy  associated 
with  boiling.  A  pressurized  tank  is  expensive  and  should  not  be  considered 
for  a  normal  residential  heating  and  cooling  system.  Although  there  is  a 
large  amount  of  heat  that  can  be  stored  as  latent  heat  of  vaporization, 
the  high  temperature  at  which  this  takes  place  is  not  needed  in  a  solar 
heating  and  cooling  system. 

Water  has  a  specific  heat  of  one  Btu  per  pound  per  degree  Fahrenheit. 
On  a  volume  basis, water  can  store  one  Btu/lb°F  x  62.4  lb/ft3  or  62.4  Btu 
per  cubic  foot  degree  Fahrenheit.  The  1100-gallon  or  147-cubic-foot  water 
storage  tank  in  CSU  Solar  House  I  can  store  about  9170  Btu  per  °F 
(147  ft3x  Btu/ft2  °F)  of  heat.  Thus,  if  the  tank  is  at  194°F  and  the  tank 
is  drawn  down  to  95°F  (194°F-95°F)  (9170  Btu/°F),  908,000  Btu  of  energy 
would  be  provided.  Solar  House  I  has  a  heating  load  requirement  of 
17,600  Btu  per  degree  Fahrenheit  day.  If  the  outside  average  temperature 
for  one  day  is  14°F  and  the  desired  inside  temperature  is  68°F,  then  the 
load  for  a  day  would  be  950,000  Btu  (17,600  Btu/°Fday x  (68°F  -  14°F)  x  1  day). 
Thus, if  there  is  no  loss  of  heat,  the  storage  tank  would  have  sufficient 
capacity  to  carry  the  building  load  for  about  23  hours. 

Water  storage  tanks  should  be  insulated  to  prevent  excessive  heat 
losses.   If  the  tank  is  located  inside  the  building  enclosure,  the  heat 
is  not  lost,  but  there  is  uncontrolled  heat  delivery  to  a  localized  region. 
In  summer,  the  heat  from  the  tank  would  add  to  the  cooling  load.   If  the 
tank  is  located  underground,  the  heat  is  lost  from  the  solar  system. 

The  minimum  useful  temperature  in  a  water  storage  tank  for  direct 
heating  systems,  as  discussed  in  previous  modules,  is  above  90°F. 
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For  solar  cooling  systems,  the  minimum  temperature  is  about  170°F  for  a 
lithium-bromide  water  absorption  cooler.  These  lower  useful  temperatures 
and  the  boiling  temperature  as  the  upper  limit  set  the  temperature  ranges 
which  determine  tank  size  in  system  designs. 

In  contrast  to  hot  water  storage  tanks,  the  rock  bed  cannot  be 
storing  and  delivering  heat  to  the  house  at  the  same  time.  To  heat  the 
house  from  storage,  the  flow  of  air  is  reversed;  cold  air  is  delivered 
to  the  cold  side  of  storage  and  is  heated  as  it  flows  through  the  hot 
rock  bed.  Because  the  cold-air  return  to  storage  from  the  house  is 
always  at  room  temperature,  the  auxiliary  heater  can  be  placed  in  the 
delivery  duct  from  storage.  Auxiliary  heat  will  not  increase  the  tempera- 
ture in  storage.  The  temperature  front  in  the  rock  bed  will  gradually 
recede,  and  even  when  all  the  useful  heat  has  been  depleted  from  the  rock 
bed,  the  air  can  continue  to  be  circulated  through  storage  if  the  pressure 
drop  across  the  bed  is  small. 

ROCK  BED  STORAGE 

Heat  is  stored  in  a  rock  bed  by  circulating  heated  air  from  the 
collectors  directly  through  the  rock  bed.   In  contrast  to  the  water 
storage  tank,  the  rock  bed  is  not  heated  uniformly,  but  is  heated  by 
layers  to  the  temperature  of  the  air  stream  coming  from  the  collector. 
This  results  in  temperature  stratification,  where  the  top  of  a  rock  bed 
is  at  the  collector  air  temperature  and  the  bottom  of  the  rock  bed  is  at 
room  temperature.  The  advantages  in  stratification  are  that  cold  air  is 
returned  to  the  collector  so  that  the  collector  operates  more  efficiently, 
and  when  heating  from  storage  at  night,  the  air  temperature  is  high,  being 
nearly  at  the  same  temperature  as  it  was  delivered  from  the  collector 
during  the  day.  In  contrast,  the  limit  of  water  storage  temperature  to 
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heat  the  house  is  about  90°F,  and  the  auxiliary  boiler  in  a  water  system 
should  not  be  placed  in  "series"  with  the  storage  tank  because  the  water 
temperature  return  from  the  fan  coil  unit  would  be  greater  than  90°F  and 
thus  auxiliary  fuel  would  be  used  to  heat  the  storage  tank. 

Commonly  available  rocks  have  a  specific  heat  of  about  .21  Btu/(lb)(°F). 

3 

On  a  volume  basis,  the  heat  capacity  is  about  21  Btu/(ft  )(°F)  (.21  Btu/ 

lb°FxlOO  lb/ft3)  for  .75-to-l .75-inch  rock  sizes.  This  is  one-third  the 
heat  capacity  of  water  on  a  volume  basis.  Thus,  to  have  the  same  heat  storage 
capacity  as  a  water  tank,  about  three  times  greater  rock  volume  is  required.  The 
rock  bed  in  CSU  Solar  House  II  contains  18  tons  of  .75-to-l. 5-inch  rocks  in 
363  cubic  feet.  At  a  uniform  temperature  of  150°F,  595,300  Btu  (30  Btu/ 
(ft3)(°F)  x  363  ft3x  (150- 68)°F)  can  be  stored.  Solar  House  II  has  a 
design  heat  load  of  17,600  Btu/Degree  Day.  For  an  average  outdoor 
temperature  of  14°F,  there  would  be  approximately  17  hours  of  heating 
capability  from  storage. 

PHASE  CHANGE  STORAGE 

A  phase  change  material,  such  as  sodium  sulphate  hydrate,  with  its 
phase  change  occurring  at  about  88°F,  could  store  a  large  amount  of  heat 
in  a  small  amount  of  mass.  This  particular  phase  change  material  has  a 
heat  of  fusion  of  108  Btu  per  pound.  To  store  908,000  Btu  of  heat, 
8407  pounds  of  salt  hydrate  would  be  required.  This  compares  with  about 

9100  pounds  of  water  with  sensible  heat  storage  from  90°F  to  190°F. 

3 
Because  the  density  of  the  sodium  sulphate  hydrate  is  91  lb/ft  as  compared 

with  62.4  lb/ft3  for  water,  there  would  be  about  65  percent  of  the  space 

required  for  the  salt  as  for  water.  When  costs  are  considered,  the 

advantage  of  smaller  quantity  is  lost.  Also,  other  problems  exist  for 

this  particular  heat  storage  medium  and  for  other  phase  change  materials 
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such  as  packaging  in  non-corrosive  containers  and  maintaining  chemical  and 
physical  stability  in  the  cycling  from  solid  to  liquid  states.  Storage 
for  solar  heating  and  cooling  systems  is  not  sufficiently  greater  than 
water  or  rocks  to  warrant  the  greater  costs. 

DESIGN  ASPECTS  OF  STORAGE  SYSTEMS 

WATER  STORAGE 

Tank  Material 

Tank  materials  most  likely  to  be  used  in  water  storage  are  steel, 
aluminum,  concrete,  and  plastics.  A  number  of  different  modular  and 
built-in-place  tanks  are  shown  in  Figures  12-1  through  12-6,  Steel  tanks 
should  be  lined  with  a  material  such  as  butyl  rubber  to  prevent  internal 
corrosion  from  the  water.  Any  material  used  as  a  lining  should  have  a 
long  life  since  replacement  may  be  quite  difficult.  The  lining  materials 
must  also  withstand  high  temperatures  that  occur  in  the  storage  tank. 
Concrete  tanks  may  not  require  lining,  depending  on  quality,  but  require 
additional  reinforcing  and  sealing  of  joints  because  of  temperature 
stresses.  Most  plastic  tanks  currently  available  will  not  withstand  the 
temperatures  needed  in  solar  heating  and  cooling  systems.  Therefore, 
special  composition  tanks  will  be  required. 

Tank  Shape 

A  spherical  tank  provides  the  least  surface  area  per  unit  volume  of 
storage.   It  is  cheapest  to  insulate.  A  shape  that  deviates  from  this, 
such  as  a  long  slender  cylinder,  requires  more  tank  insulation  material. 

A  spherical  tank  is  also  structurally  advantageous.  However,  fabri- 
cation and  support  of  spherical  storage  tanks  are  more  difficult  than  for 
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cylindrical  tanks.  Thus,  the  most  practical  shape  is  a  cylindrical  tank 
having  a  diameter-to-width  ratio  of  nearly  one.  Precast  concrete  tanks 
could  be  cylindrical  or  rectangular.  Built-in-place  reinforced  concrete 
tanks  would  likely  be  rectangular  because  forming  is  easier. 

Tank  Insulation 

Insulation  of  a  storage  tank  is  important  to  conserve  the  collected 
heat.  The  bottom  as  well  as  the  sides  of  the  tank  should  be  insulated. 
Tank  bottom  insulation  must  be  accomplished  prior  to  installation  of  the 
tank.  There  are  several  possibilities  for  doing  this.  One  is  to  rest  the 
tank  on  rigid  insulation  foam  pads.  Another  is  to  rest  the  tank  on  closely 
spaced  two-by-six-inch  boards  and  insulate  between  them. 

Several  different  approaches  can  be  used  to  insulate.  One 'is  to  wrap 
the  tank  in  conventional  insulating  material  and  another  is  to  use  a  spray 
foam  type  of  insulation.  Insulation  of  at  least  R-23  is  recommended  for 
inside  and  R-30  for  outside  tank  placements.  A  type  of  insulation  that 
will  not  absorb  moisture  should  be  selected  in  outside  locations  or  other 
areas  where  water  or  moisture  may  be  a  problem. 

It  is  also  desirable  to  enclose  the  tank  along  with  the  associated 
components  such  as  the  hot  water  heater  and  heat  exchangers  in  a  vented, 
insulated  room.  This  isolates  the  tank  and  other  heat-producing  subsystems 
from  the  rest  of  the  house. 

Tank  Location 

If  the  tank  is  located  within  the  building,  there  is  some  loss  of 

living  area.  Usually  the  most  desirable  location  for  the  tank  is  in  the 

basement.   In  this  case  the  tank  is  easily  accessible  for  repairs.  In 

other  cases,  such  as  retrofit  applications  or  where  there  is  no  basement, 

other  locations  must  be  found.  Al ternatives  are  the  .garage  or  outside  the 
house,  either  above  ground  or  buried. 
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Tank  Stratification 

There  is  little  stratification  in  a  hot  water  storage  tank.  The 
difference  in  temperature  of  the  water  between  the  top  and  bottom  of  the 
tank  is  about  5°F  during  normal  operation  in  1000-gallon  tanks.  Stratifi- 
cation can  be  enhanced  to  some  degree  by  the  introduction  of  baffles  to 
prevent  convection  and  mixing.  However,  it  is  questionable  that  the  gain 
is  worth  the  expense.  Another  possibility  is  to  use  multiple  tanks,  but 
this  adds  to  the  expense  of  the  system. 

Two  major  advantages  can  be  gained  by  stratification.  One  is  higher 
temperature  water  delivered  to  the  heating  coils,  and  the  other  is  colder 
water  delivered  to  the  collectors.  Higher  temperatures  to  the  fan  coils 
could  result  in  smaller  sizes  and  colder  temperatures  to  the  collector, 
resulting  in  increased  collection  efficiencies. 

Piping  to  the  Tanks 

The  inlet  pipe  to  the  storage  tank  from  the  collector  should  be 
located  toward  the  top  of  the  tank, and  the  outlet  to  the  collector  should 
be  at  the  bottom  of  the  tank.  The  outlet  from  the  tank  for  house  heating 
and  cooling  should  be  toward  the  top  of  the  tank,  where  the  tank  is  the 
hottest,  and  the  return  should  be  toward  the  bottom  of  the  tank.  Vented 
tanks  should  be  provided  with  a  make-up  water  line  leading  to  the  bottom 
of  the  tank  with  a  float  control  valve. 

Storage  Tank  Size 

Studies  have  shown  that  for  most  locations  in  the  United  States,  the 
storage  tank  should  be  sized  to  hold  from  1.5  to  2.5  gallons  of  water  per 
square  foot  of  collector  area.  A  small  storage  tank  will  have  higher 
average  temperatures  and  hence  greater  heat  losses.  However,  high  storage 
temperatures  are  desirable  for  air-conditioning  applications,  since  the 
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cut-off  temperature  for  an  absorption  air-conditioning  unit  is  about  170°F. 
A  large  storage  tank  will  have  lower  average  temperature  and  may  not  be 
able  to  provide  direct  heating  of  the  house.  For  most  residential  applica- 
tions and  locations, the  system  performance  is  relatively  insensitive  within 
the  1.5  to  2.5  gallon  per  square  foot  range. 

ROCK  BED  STORAGE 

Container  Arrangement 

A  rock  bed  storage  bin  can  be  constructed  with  wood.  Stud  walls  with 
one-half  inch  plywood  on  both  sides  and  3.5  inches  of  R-ll  insulation 
placed  between  the  studs  form  an  adequate  storage  container.  A  plenum 
must  be  provided  on  the  top  and  bottom  to  distribute  air  flow  evenly  over 
the  container  cross-section,  as  shown  in  Figure  12-7. 

The  bottom  plenum  is  constructed  by  supporting  expanded  wire  mesh  on 
concrete  blocks  placed  about  1.5  inches  apart.  The  rocks  are  then  placed 
on  top  of  the  wire  mesh  and  the  bin  is  filled  to  within  a  foot  of  the  top 
of  the  rocks.  The  space  at  the  top  of  the  bin  above  the  rocks  forms  the 
top  plenum. 

The  bin  should  be  sealed  before  the  rocks  are  placed  to  prevent  air 
leakage.  This  is  accomplished  by  caulking  the  joints  with  an  epoxy  or 
other  suitable  heat-resistant  compound.  Butyl  rubber  gasket  or  other 
heat-resistant  material  can  be  used  to  form  the  seal  for  the  top  lid. 
Air  temperatures  are  nominally  150°F,  but  higher  temperatures  of  180° 
to  190°F  are  sometimes  reached.  Thus. sealant  materials  should  be  selected 
to  within  the  higher  temperatures. 

Container  Size  and  Shape 

The  rock  bed  storage  should  be  sized  to  provide  50  to  100  pounds 
of  rock  per  square  foot  of  collector.  For  normal  rock  densities  and  for 
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Figure   12-7.      Rock  Bed  Heat  Storage  Unit 
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.75-to-l .5-inch  sizes,  this  is  equivalent  to  one-half  to  one  cubic  foot 
per  square  foot  of  collector. 

Ideally  a  rock  bed  should  have  a  short  distance  from  inlet  to  outlet, 
with  a  large  cross-sectional  area  perpendicular  to  the  direction  of  air 
flow.  With  a  large  cross-sectional  area,  the  air  velocity  is  low  and, 
coupled  with  a  short  travel  path  through  the  rock  bed,  the  pressure  drop 
is  small.  The  smaller  pressure  drop  results  in  lower  fan  power. 

The  rock  bed  must  be  deep  enough  to  permit  stratification.  A  minimum 
depth  of  2.5  feet  is  recommended.  In  order  to  have  adequate  storage, 
however,  the  volume  of  the  rock  bed  must  be  large.  To  avoid  a  large 
cross-sectional  area  with  consequent  displaced  floor  area,  a  larger  depth 
may  be  used.  When  rock  beds  are   constructed  in  the  building,  a  depth  of 
about  five  feet  is  allowable. 

Figure  12-8  shows  representative  temperature  profiles  as  they  develop 
throughout  the  day  for  a  typical  4. 5-foot- high  rock  bed  storage.  In  this 
figure, the  bed  is  assumed  to  be  fully  discharged  at  the  beginning  of  the 
day.  From  this  figure  it  can  be  seen  that  a  2.5-foot-high  bed  will 
cause  high  outlet  temperatures  at  the  bottom  after  1:00  p.m. 

When  storage  is  not  fully  discharged  by  morning,  the  temperature 
profiles  of  Figure  12-8  would  be  displaced  to  the  right  by  the  end  of 
the  day.  A  five-foot  rock  bed  depth  can  therefore  be  advantageous. 

Rock  Size 

The  rock  size  is  relatively  unimportant,  although  it  affects  the 
pressure  drop  through  the  bed.  The  rock  size  should  not  be  so  small  as 
to  reduce  flow  rates  significantly,  nor  so  large  that  the  interior  of 
individual  rocks  is  never  heated.   It  is  recommended  that  rocks  from 
.75  to  1.5  inches  in  size  be  used. 
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Rounded  rocks  are  preferable  to  sharply  fractured  rocks.  However, 
it  is  entirely  satisfactory  to  use  crushed  gravel  aggregates  normally 
used  for  concrete. 

Air  Flow  Rates 

The  flow  rates  through  storage  are  governed  by  the  pressure  drop 
through  the  storage  bed  and  the  required  flow  rate  through  the  collector 
to  obtain  the  desired  temperature  rise.  As  noted  in  earlier  modules, 
the  desired  flow  rate  is  2  cfm  per  square  foot.  Thus  the  storage  cross- 
sectional  area  should  be  sized  to  keep  the  superficial  velocity  less  than 
about  25  feet  per  minute.  The  superficial  velocity  is  determined  by 
dividing  the  flow  rate  by  the  cross-sectional  area  of  the  rock  bed. 

Figure  12-9  shows  the  pressure  drop  through  a  rock  bed.  Suppose 
the  collector  area  for  a  system  is  700  square  feet.  The  flow  rate  is 
therefore  1400  cfm.  Using  a  guideline  for  storage  sizing  of  .75  cubic 
feet  per  square  foot  of  collector  area,  the  volume  of  the  rock  bed  should 
be  525  cubic  feet,  or  26  tons  of  rock. 

Air  Flow  Direction 

The  flow  direction  for  the  heat  storage  mode  should  be  from  the  top 
to  the  bottom  of  the  bed.  When  rock  bed  storage  is  placed  in  crawl  spaces, 
it  is  necessary  to  direct  the  flow  horizontally.  The  preferred  flow 
direction  is  from  top  to  bottom. 

When  heating  the  building  from  storage, the  air  flow  should  be  reversed 
to  take  advantage  of  the  stratification.   If  the  rock  pile  is  4.5  feet  high, 
then  the  cross-sectional  area  perpendicular  to  the  air  flow  is  117  square 
feet,  which  is  provided  by  a  10-foot  by  11.7-foot  (say  12-foot)  size.  The 
flow  velocity  is  12.0  fpm  and  the  pressure  drop  is  .05  in  W.G.  (from 
Figure  12-9). 
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Superficial  air  velocity  less  than  6  fpm  should  not  be  considered 
because  heat  transfer  from  the  air  to  the  rocks  is  poor  and  the  cross- 
sectional  area  is  unnecessarily  large.  Better  economy  is  realized  if 
cross-sectional  areas  are  consistent  with  flow  velocities  through  storage 
of  about  15  to  25  feet  per  minute. 

Fan  Size  and  Power  Requirements 

Fan  size  and  power  requirements  are  governed  by  the  pressure  drops 
through  the  collector  and  distribution  systems  -  when  pressure  drop 
through  the  rock  bed  is  kept  smaller  than  0.1  in  W.G.  Sizing  of  blowers 
and  motors  is  therefore  determined  by  other  components  in  the  solar 
heating  and  cooling  system. 

Container  Insulation 

Insulation  in  the  container  walls  need  not  be  excessive.  R-ll  or 
R-19  insulation  for  the  container  should  be  adequate.  Heat  losses  through 
container  walls  can  be  determined  by  the  procedures  outlined  in  Module  5. 
The  overall  U  factor  for  wood  container  with  R-ll  insulation  is  about 
0.07  Btu/(hr)(ft2)(°F). 

Special  Precautions 

The  rocks  should  be  washed  before  placement  because  excessive  amounts 
of  dust  would  clog  the  filter  frequently.  A  potential  problem  could  exist 
with  cyclic  heating  and  cooling  of  the  rocks,  which  could  cause  some 
thermal  fracturing. 

With  the  evaporative  cooling  system,  condensation  on  the  rocks  can 
be  a  problem  during  the  summer.  Condensation  could  cause  mildew  and  odors 


12-18 


REFERENCES 

Pickering,  Ellis  E.,  "Residential  Hot  Water  Solar  Energy  Storage,"  Pro- 
ceedings of  the  Workshop  on  Solar  Energy  Storage  Subsystems  for  the 
Heating  and  Cooling  of  Buildings,  Charlottesville,  Virginia,  April   1975, 

Close,  D.  J.,  "Rock  Pile  Thermal  Storage  for  Comfort  Air  Conditioning," 
Mechanical  and  Chemical  Engineering  Transactions  of  the  Institution  of 
Engineers,  Australia,  Vol.  MCI,  No.  1,  May  1965. 


TRAINING  COURSE  IN 

THE  PRACTICAL  ASPECTS  OF 

DESIGN  OF  SOLAR  HEATING  AND  COOLING  SYSTEMS 

FOR 
RESIDENTIAL  BUILDINGS 


NODULE  13 


LABORATORY 


SOLAR  ENERGY  APPLICATIONS  LABORATORY 
COLORADO  STATE  UNIVERSITY 
FORT  COLLINS,  COLORADO 


13-1 


OBJECTIVE 


At  the  end  of  this  module  the  trainee  should  be  able  to  make  measurements 
of  temperatures  and  flow  rates  at  significant  locations  in  a  solar 
system  to  determine  if  the  system  is  performing  as  desired. 

INSTRUCTIONS 


The  class  will  form  in  two  groups;  one  group  will  design  solar 
systems  and  the  other  will  work  at  the  solar  houses,  and  the  groups 
will  exchange  assignments  in  the  middle  of  the  afternoon.  The 
design  group  will  refer  to  Module  14. 

The  group  at  the  solar  houses  will  further  subdivide  into  four 
groups  as  follows: 

Group  1:  Start  at  Solar  House  I  (entry) 

Group  2:  Start  at  Solar  House  II  (conference  room) 

Group  3:  Start  at  the  air  system  model  behind  Solar  House  II 

Group  4:  Start  at  the  water  system  model  behind  Solar  House  I 

At  the  end  of  thirty  minutes  the  groups  should  rotate,  with  Group  4 

moving  to  the  "top  of  the  stack"  and  the  other  groups  moving  down  one 

slot.  This  process  is  to  be  repeated  at  thirty-minute  intervals  until 

each  group  has  been  to  all  stations.  The  procedures  to  be  followed  at 

each  station  are  described  below: 


STATION  1,  SOLAR  HOUSE  I 

The  group  will  be  given  some  performance  data  for  some  selected 
period.  The  data  will  indicate  a  problem.  The  group  should  identify, 
from  the  data,  the  source  and  nature  of  the  problem  and  prescribe  appro- 
priate action  to  correct  the  problem. 
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STATION  2,   SOLAR  HOUSE  II 

Use  same  instructions  as  for  Station  1. 

STATION  3,  AIR  SYSTEM  MODEL 

The  groups  will  calculate  the  efficiency  of  the  collectors  over  a 
given  time  interval.  Each  group  should  determine  what  data  are  required, 
make  the  appropriate  measurements,  and  then  perform  the  required 
calculations . 

STATION  4,  WATER  SYSTEM  MODEL 

Use  same  instructions  as  for  Station  3. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVES 

At  the  end  of  this  module  the  trainee  should  be  able  to: 

1.  Operate  the  interactive  F-CHART  program. 

2.  Perform  calculations  relative  to  a  solar  system  in, 
or  near,  his  home  location. 

INSTRUCTIONS 

The  group  that  is  on  campus  will  take  turns  at  operating  the 
interactive  F-CHART  program.  An  effort  will  be  made  to  have  each 
person  operate  a  computer  and  obtain  results  that  are  of  specific 
interest  to  the  trainee. 
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INTRODUCTION 

The  only  control  for  solar  heating  and  cooling  systems  with  which 
occupants  need  to  be  concerned  is  the  thermostat  in  the  building. 
However,  there  are  many  important  controls  needed  for  solar  systems  that 
automatically  control  the  pumps  and  blowers,  valves  and  dampers,  and 
the  auxiliary  subsystems  to  collect  and  deliver  the  heat  into 
storage  and  into  the  building.  The  design,  function  and  strategy 
of  the  automatic  system  controls  are  discussed  in  this  module. 

TRAINEE  OBJECTIVE 


The  objective  of  the  trainee  is  to  understand  the  function, 
mechanics,  installation,  and  maintenance  of  control  systems. 

SUB-OBJECTIVES 


At  the  end  of  this  module  the  trainee  should  be  able  to: 

1.  Identify  control  functions 

2.  Understand  control  circuits 

3.  Recognize  control  methods  and  hardware 

4.  Specify  control  components 

5.  Install  and  maintain  control  systems. 

CONTROL  FUNCTIONS 

IMPORTANCE  OF  CONTROLS 

The  basic  function  of  the  control  system  is  to  ensure  that  a 
maximum  amount  of  energy  will  be  collected  from  a  solar  system  to  provide 
the  required  heating  or  cooling  load  to  the  structure.  Controllers  are 
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extremely  important  in  a  solar  heating  and/or  cooling  system.  There 
is  a  tendency  for  a  great  deal  of  concern  for  the  efficiency  of  a  collec- 
tor and  less  concern  for  effectiveness  of  the  control  system.  The  net 
result  is  reduced  effectiveness  of  a  system.  For  example,  one  might 
spend  a  great  deal  of  money  for  a  good  selective  surface  on  the  absorber 
of  a  collector  to  realize  an  improvement  in  efficiency  of  approximately  ten 
percent, whereas  carefully  designed  controls  could  achieve  that  much  or 
more  for  very  little  cost  and  effort. 

COLLECTOR  CONTROL  STRATEGY 

Most  controllers  at  present  are  on/off  controllers,  that  is, 
they  command  a  pump  to  be  either  on  or  off,  depending  upon  certain 
conditions.  The  typical  control  strategy  with  respect  to  controlling 
the  flow  of  a  transport  medium  in  the  collector  loop  is  to  start  the 
collector  pump  whenever  the  collector  fluid  exit  temperature  is  qreater,  by 
some  set  difference,  than  the  tank  temperature  and  to  turn  off  the 
collector  pump  whenever  the  collector  outlet  temperature  approaches 
the  tank  temperature.  The  temperature  difference  to  start  the  flow 
is  nominally  set  at  20  F  and  to  stop  the  flow,  at  3  or  4  °F. 

As  a  specific  example,  suppose  that  the  storage  temperature  is 
120  F  and  the  collector  temperature  is  50  F  when  the  sun  rises. 
The  collector  temperature  will  gradually  increase, and  when  it  reaches 
140  F  the  controller  will  start  the  collector  pump  (assuming  that 
the  storage  temperature  is  120  F).  Then  in  the  afternoon  as  the  sun 
begins  to  set, the  collector  temperature  will  begin  to  decrease.  Suppose 
that  the  storage  temperature  has  reached  150  °F  by  3:30  p.m.  When 
the  collector  temperature  decreases  to  153  °F  the  controller  will  stop 
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the  collector  pump.  The  temperatures  sensed  by  the  sensors  depend 
upon  their  location  in  the  system. 

Ratio  of  Temperature  Differences 

If  the  temperature  sensor  for  the  collector  is  located  at  a  point 
such  that  the  sensor  is  rapidly  cooled  by  the  transport  medium,  the  result 
can  be  that  the  collector  pumps  will  cycle  on  and  off  repeatedly.  This 
cycling  can  also  occur  if  the  difference  between  the  temperature  to 
start  and  to  stop  the  system  is  not  properly  selected.  The  ratio 
between  the  on-to-off  temperature  differences  should  be  approximately 
five  to  seven.  In  the  example  given  in  the  preceding  paragraph,  the 
starting  temperature  difference  was  20  F  and  the  stopping  temperature 
difference  was  3  F.  The  ratio  is  slightly  less  than  seven.  A  larger 
value  for  this  ratio  will  reduce  the  total  energy  collected  by  the  system, 
while  a  smaller  value  will  cause  cycling. 

Freezing  Protection 

Some  controllers  are  designed  to  incorporate  an  aquastat  to 
compare  temperature  of  the  transport  medium  with  some  preset  temperature 
such  as  the  freezing  temperature  of  water.  Then, if  the  temperature  of  the 
fluid  in  the  collector  approaches  this  preset  temperature,  the  pumps 
are  automatically  started  to  circulate  the  fluid  or  to  heat  the  fluid 
from  storage  in  order  to  prevent  feeezing.  This  is  not  a  recommended 
protection  measure  against  freezing, because  if  there  is  a  power  failure 
during  cold  weather,  the  pumps  will  not  operate  and  the  collectors  can 
freeze.   It  is  preferred  to  use  an  antifreeze  solution  in  the  collector 
loop. 
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Two-Speed  Pump 

A  two-speed  pump  may  be  considered  as  a  possible  way  to  regulate 
the  temperature  rise  in  the  collector  to  improve  collection  efficiency. 
By  changing  to  a  slower  flow  rate  during  periods  of  low  solar  insolation, 
the  system  will  collect  heat  at  useful  temperatures,  whereas  with  a  high 
flow  rate,  the  temperature  of  the  fluid  at  the  collector  outlet  would  be 
low  and  the  control  would  stop  the  collector  pump.  When  the  solar 
radiation  intensity  is  high,  the  flow  rate  can  be  increased.  The  fluid 
temperature  would  be  reduced  because  of  greater  flow,  and  the  collector 
will  be  more  efficient. 

CONTROL  SYSTEM  HARDWARE 

The  solar  system  controls  consist  of  power  relays  which  switch 
electric  valves  and  pumps  in  the  liquid  system,  or  blowers  and  dampers 
in  the  air  system, and  auxiliary  heating  units  in  both  systems,  in  response 
to  temperatures  or  temperature  differences.  Controls  for  solar  systems 
fundamentally  serve  the  same  functions  as  conventional  HVAC  controls; 
however,  there  are   more  control  functions  in  solar  systems, and  also  there 
are  "interlocks"  which  prevent  undesirable  or  hazardous  sequences  of  operation 

A  solar  system  supplier  should  provide  the  required  control  hardware 
or  at  least  specify  it,  along  with  explicit  wiring  instructions.  Building 
a  control  system  at  the  site  should  be  avoided  unless  experience  in  this 
practice  is  available. 
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THERMOSTAT 

A  two-stage  heat,  indoor  thermostat  is  recommended  for  residential 
solar  heating  systems,  and  a  two-stage  heat,  one-stage  cool  type  is 
recommended  for  solar  heating  and  cooling  systems.!   Variations  will  feature 
"on",  "off,"  or  "automatic"  fan  control  to  circulate  the  room  air,  and 
"heat",  "cool,"  or  "automatic"  switches  from  heating  to  cooling  or  vice- 
versa  to  meet  the  need. 

When  cooling  is  required,  the  single-stage  cooling  provides  indoor 
space  temperature  control.  There  is  a  dead  band,  which  is  a  small  range 
in  temperature  between  start  and  stop  signals  given  to  the  controller 
which  in  turn  controls  the  cooling  system.  The  dead  band  for  most 
thermostats  is  almost  5  F.  The  heating  operation  is  a  bit  more  complex. 
Upon  demand  for  heat,  the  first  stage  calls  for  the  solar  system  to 
provide  heat.   If  the  building  heat  loss  is  greater  than  the  solar  system 
can  provide,  the  temperature  in  the  building  will  continue  to  drop  to 
stage  two  and  the  auxiliary  system  will  be  called  upon  to  provide  heat. 
The  auxiliary  system  can  provide  sufficient  heat  for  the  building  by  itself, 
or  in  combination  with  the  solar  system  to  raise  the  temperature  in  the  room 
to  the  upper  temperature  limit  of  stage  one  which  stops  the  heating  system. 
The  upper  temperature  dead  band  is  nominally  about  2  °F. 

The  thermostat  is  the  only  control  with  which  the  occupant  needs  to 
be  concerned.   Once  the  occupant  sets  the  winter  comfort  control  level  to, 
say, 68  F,  and  the  summer  comfort  level  to,  say,  75  °F  (or  other  suitable 
temperatures),  he  should  not  have  to  select  or  adjust  any  other  control  in 
the  heating  and/or  cooling  system. 
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TEMPERATURE  SENSORS 
Types 

There  are  many  types  of  temperature  sensors  that  can  be  used  in  the 
control  subsystem  such  as  thermocouples,  thermistors,  silicon  transistors, 
bimetal  1 ic  elements  and  liquid  or  vapor  expansion  units.  Bimetallic 
elements  and  liquid  or  vapor  expansion  units  are  seldom  used  because  other 
temperature  sensors  are  more  durable  and  dependable.  Thermocouples  are 
frequently  used  for  temperature  measurement.  However,  they  are  not 
often  used  in  controls  because  the  voltage  output  is  low,  in  the  millivolt 
range,  and  without  amplification  the  voltage  is  insufficient  to  be  used 
in  controls. 

Thermistors  and  silicon  transistors  are  used  in  the  control  subsystem 
because  the  voltage  outputs  from  these  sensors  are  in  the  0-10  volt  range 
and  are  high  enough  to  serve  the  control  functions.  The  voltage 
outputs  from  thermistors  are  non-linear,  and  calibration  circuitry  must 
be  provided  for  the  non-linearity.  The  voltage  outputs  from  silicon 
transistors  are  linear  in  the  normal  operating  temperature  range  of  solar 
heating  and  cooling  systems,  and  provide  for  simpler  circuitry  to 
control  the  system. 


Location 

The  locations  of  temperature  sensors  are  not  particularly  critical, 
but  there  are  some  preferred  locations.   Temperature  sensors  are  required 
to  measure  the  air  or  liquid  temperature  as  it  exists  from  the  collector, 
in  the  solar  storage  tank,  or  rock  bed,  and  in  the  preheat  water  tank. 
The  sensor  in  the  conditioned  space  is  the  thermostat. 


15-7 


The  sensor  which  measures  the  fluid  temperature  at  the  collector 
outlet  can  be  located  in  the  manifold  which  collects  the  fluid  from  the 
total  array  of  collectors.   It  is  preferred  that  the  sensor  be  in  contact 
with  the  fluid,  but  it  is  acceptable  for  the  sensor  to  be  in  contact  with 
the  pipe,  provided  there  is  good  thermal  contact  of  the  sensor  with  the 
pipe.   If  the  sensor  is  attached  to  the  outside  of  the  outlet  pipe,  the 
sensor  should  be  well  insulated  so  that  it  does  not  lose  the  heat  to  the 
surroundings  and  register  a  low  temperature.   It  is  important  to  locate 
the  sensor  near  the  outlet  so  that  it  can  register  the  fluid  temperature 
when  the  sun  is  heating  the  collector  but  the  fluid  is  not  circulating. 
Sensors  in  the  outlet  manifold  will  register  the  increase  in  temperature, 
but  the  sensor  located  far  from  the  manifold  will  not,  and  useful  energy 
cannot  then  be  collected.  Wherever  the  sensor  is  located,  the  characteris- 
tics should  be  checked  out  when  the  system  is  put  into  operation. 

The  sensor  in  the  storage  tank  should  be  located  near  the  bottom 
third  inside  the  tank.  When  there  is  no  fluid  circulation,  the  temperature 
at  the  top  of  the  tank  will  be  slightly  higher  than  the  bottom,  but  while 
the  fluid  is  in  circulation,  the  fluid  in  the  tank  is  usually  well  mixed  and  the 
temperature  will  be  uniform. 

The  location  of  the  sensor  in  the  preheat  tank  should  be  near  the 
top  one-third  of  the  tank.   If  it  were  located  near  the  bottom,  the  tempera- 
ture at  the  top  could  be  several  degrees  hotter.  Also,  when  hot  water 
is  used  in  the  household,  cold  water  enters  the  preheat  tank  near  the  bottom. 
While  the  preheat  tank  would  be  thermally  mixed  when  the  pump  is  started, 
frequent  cycling  could  result  from  the  sensor  registering  locally  cold 
water  temperature.  For  an  air  system,  the  cycling  is  not  particularly 
harmful  because  only  one  pump  for  the  preheat  cycle  is  involved.  However, 
for  the  hydronic  system,  two  pumps  will  be  put  into  operation,  and 
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frequent  cycling  can  be  wasteful  of  electric  energy.   In  both  air  and 
liquid  systems,  more  heat  would  be  lost  than  necessary  from  the  pipes  and 
heat  exchangers  because  of  frequent  cycling. 

The  sensor  in  the  pebble  bed  should  be  located  at  the  bottom 
(or  outlet)  end  of  storage.  When  heat  is  being  stored,  the  bottom  (or  outlet) 
end  of  storage  will  determine  if  storage  is  "full " . 

CONTROL  PANELS 

Usually  a  central  control  panel  is  convenient  to  consolidate  the 
circuits  and  relays  that  provide  the  control  functions.  The  panel  would 
house  the  relays  and  provide  for  some  adjustment  of  the  temperature  limits. 
It  is  best  to  acquire  a  control  panel  from  the  solar  equipment  manufacturer 
as  a  prewired  unit  to  serve  the  system.  All  that  needs  to  be  done  with 
a  prewired  control  panel  is  to  connect  the  temperature  sensors,  and  motor, 
auxiliary,  and  valve  and  damper  controls  to  the  proper  terminals  in  the 
control  panel.  The  manufacturer  will  provide  the  necessary  hook-up 
instructions.  The  power  for  the  control  panel  will  usually  be  household 
115-volt  single-phase  A.C.  line  power. 

TYPICAL  CONTROL  SUBSYSTEMS 

AIR  SYSTEM 

A  sketch  of  a  typical  configuration  for  an  air  system  is  shown 

in  Figure  15-1.  The  temperature  sensors  are  indicated  by  T  .,  T  , 

Tc  and  Tn.  T  .  measures  the  collector  inlet  temperature,  T   measures 
S     E    ci  K         co 

the  collector  outlet  temperature,  T<.  measures  the  storage  temperature, 
and  Tp  measures  the  enclosure  temperature.  BD-1  and  BD-2  represent 
backdraft  dampers,  D-l  and  D-2  represent  manual  dampers,  and  MD-1  and 
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Figure  15-1.   Schematic  Diagram  of  Solar  Air 
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MD-2  represent  motorized  dampers.  The  function  of  the  controller  is 

to  operate  the  blowers  and  the  motorized  dampers  to  collect  and 

distribute  heat  for  the  house.   A  flowchart  of  the  control  strategy 

is  shown  in  Figure  15-2. 

The  first  decision  to  be  made  by  the  controller  concerns  whether 

or  not  the  house  needs  heat.  This  is  determined  by  comparing  the  actual 

temperature  with  the  desired  temperature.   If  the  temperature  measured 

by  the  temperature  sensor  in  the  house  indicated  that  the  house  does 

not  need  heat^then  the  controller  must  determine  whether  or  not  heat 

can  be  stored.  This  is  determined  by  comparing  the  collector  inlet 

temperature,  T  . ,  with  the  collector  outlet  temperature  T  .   If  T 
K        ci  K        co      co 

is  not  greater  than  T  •  ,then  obviously  there  is  no  heat  being  collected 

by  the  collector  and  we  would  not  want  to  circulate  the  air  through  the 

collectors.  If  T  n   exceeds  T  ..then  there  is  useful  energy  available 
co        ci ' 

and  the  controller  will  turn  on  the  blower  and  the  hot  water  pump 
and  control  the  dampers  to  direct  the  flow  through  the  storage. 

If  the  house  requires  heat, then  the  controller  must  determine 
whether  that  heat  can  be  supplied  from  the  collector  or  from  storage. 
These  determinations  are  again  made  by  comparing  temperatures.   If 
T   is  not  greater  than  T  .then  obviously  we  cannot  supply  the  heat 

c0         a  cl  j  j  km  j 

from  the  collector,-  therefore,  the  next  question  to  be  asked  is,  can 

the  heat  be  supplied  from  storage?  This  is  determined  by  comparing  the 

storage  temperature,  T<~,  with  the  reference  temperature,  T^,  which  is 

nominally  set  at  100  °F.   If  Jr   is  not  greater  than  T.^.then  we  can 

S       3  SR' 

not  heat  from  storage;  if,  however,  T_  exceeds  T_  then  the  controller  will 

turn  on  the  blower  and  control  the  dampers  to  direct  the  flow  through 

the  storage  container  and  to  the  house  by  providing  heat  to  the  enclosure. 
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Figure  15-2.  Flow  Chart  of  Control  Strategy 
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It  is  possible,  of  course,  that  the  enclosure  temperature  may  continue 

to  decrease  due  to  high  heat  losses  from  the  house.   If  the  enclosure 

temperature,  TV,  drops  below  the  reference  temperature,  Tpo  then 

it  is  clear  that  still  more  heat  is  required.   In  this  case  the 

controller  will  turn  on  the  auxiliary  heater. 

If  the  controller  determined  that  heat  could  be  supplied  from 

the  collector,  that  is,  T   is  qreater  than  T  . ,  then  the  controller 

co    y  ci 

will  turn  on  the  blower  and  the  hot  water  pump  and  control  the  dampers 

to  direct  the  flow  through  the  collectors  and  then  to  the  house  heating 

ducts.   It  is  still  possible  that  this  may  not  supply  adequate  heating 

to  the  house,and  consequently  the  controller  must  compare  the  enclosure 

temperature  with  the  second  reference  temperature  to  determine  whether 

or  not  the  auxiliary  heater  must  be  turned  on. 

The  next  step  required  in  the  design  of  a  control  system  is  to 

construct  a  truth  table  for  the  control  strategy  just  described  and 

represented  in  Figure  15-2.  A  truth  table  for  this  system  is  shown 

in  Figure  15-3.  The  left-hand  portion  of  the  truth  table  shows  the 

temperature  comparisons.  An  entry  of  one  in  the  truth  table  indicates 

that  the  statement  is  true, whereas  a  zero  represents  a  situation  where 

it  is  not  true.  For  example,  if  Tj:  is  less  than  T^i ,  then  a  one  would 

be  entered  in  the  first  column  in  the  truth  table.  The  x's  represent 

the  "don't  care"  situation .  The  middle  portion  of  the  truth  table  shows 

the  various  operations.  For  example,  a  1  in  the  B  „•  column  would 
K  K  ma i n 

indicate  that  the  main  blower  is  turned  on,  whereas  a  zero  would  indicate 
that  the  blower  is  turned  off.  Also,  a  1  entry  in  the  MD,  column  would 
indicate  that  port  A  on  motorized  damper  number  one  is  open  and  port  B 
on  motorized  damper  number  one  is  closed.  The  right-hand  portion  of  the 
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truth  table  indicates  the  mode  of  operation.  For  example,  consider 

the  first  line  in  the  truth  table.  This  line  corresponds  to  the  mode 

where  the  heat  would  be  supplied  from  the  storage.  Suppose  that  TF 

is  less  than  Tr-j  but  greater  than  Tr£.  then  we  would  enter  a  one  in 

the  first  column  and  a  zero  in  the  second  column.  Suppose  furthermore 

that  T   is  not  greater  than  T  .;  therefore  we  enter  a  zero  in  the 
co  ci 

third  column.  Suppose,  however,  that  the  storage  temperature,  T<-, 
is  greater  than  the  reference  temperature,  Tsr;  we  would  want  the 
controller  to  turn  on  the  blowers  and  direct  the  flow  through  the 
storage  to  the  house.  This  flow  is  directed  by  controlling  motorized 
dampers  one  and  two.  When  the  blower  comes  on  it  will  draw  air  into  the 
return  air-  ducts,  shown  in  Figure  15-1,  through  the  filter,  through 
backdraft  damper  number  one,  and  then  into  the  lower  plenum  on  the 
storage  unit.  The  air  will  then  flow  up  through  the  storage  unit,  being 
heated  in  the  process,  and  exit  the  storage  unit  at  the  top  of  the  plenum, 
At  MD,  we  must  have  B  open  and  A  closed  in  order  that  the  flow  can  reach 
the  main  blower.  The  air  will  exit  the  main  blower  and  go  through  MD«; 
at  MD?  we  must  have  A  open  and  B  closed  in  order  that  the  flow  of  air 
be  directed  to  the  supply  air  ducts.  Since  it  was  assumed  that  Tr  was 
greater  than  Tr2  it  was  not  necessary  that  the  auxiliary  unit  be  turned 
on, and  therefore  a  zero  is  entered  in  the  gas  column  in  the  truth 
table.  Also,  since  the  collectors  are  not  being  operated,  the  hot- 
water  pump  will  not  be  turned  on  and, therefore, there  is  a  zero  entered 
in  the  HWP  column  of  the  truth  table.  The  remaining  modes  of  operation 
shown  on  the  flow  chart  of  the  control  strategy  are   illustrated  in 
the  truth  table. 
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The  next  step  required  in  the  design  of  the  control  system  is  to 

select  hardware  to  implement  the  logic  shown  on  the  truth  table.  The 

symbols  at  the  top  of  the  middle  portion  of  the  truth  table  represent 

the  logic  that  is  to  be  implemented;  for  example,  above  the  E5- 

ma  i  n 

column  we  observe  the  notation  1+3.  This  indicates  that  the  main 
blower  is  to  be  turned  on  whenever  there  is  a  1  in  column  1  or  a  1  in 
column  3;  similarly,  the  auxiliary  blower  is  to  be  turned  on  whenever 
there  is  a  1  in  column  1,  port  A  on  MD,  is  to  be  opened  whenever  there 
is  a  1  in  column  3,  port  A  on  MD?  is  to  be  opened  whenever  there  is  a 
1  in  column  l,and  the  gas  is  to  be  turned  on  whenever  there  is  a 
1  in  columns  land  2  or  a  1  in  column  1  and  a  zero  in  columns  3  and  4. 

A  circuit  diagram  showing  discrete  components  that  may  be  used  to 
implement  the  control  logic  just  developed  is  shown  in  Figure  15-4. 
The  comparators  shown  on  the  left-hand  portion  of  the  figure  compare 
the  various  temperatures  throughout  the  system.  These  signals  are  then 
sent  through  AND  gates,  OR  gates,  and  inverters  in  order  to  generate 
the  signals  that  are  sent  to  the  motorized  dampers,  the  blowers,  and 
the  auxil iary  uni  t. 

The  solar  system  designer  would  not  ordinarily  concern  himself 
with  this  level  of  detail,  but  would  purchase  a  control  unit  that 
accomplishes  the  above-described  tasks;  it  is  important  that  the  designer 
and  the  installer  understand  the  functions  of  the  control  unit  in  order 
to  properly  conduct  system  check-out  studies  and  ensure  that  the  solar 
system  operates  as  desired. 
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HYDRONIC  SYSTEM 

A  sketch  of  a  representative  hydronic  installation  is  shown  in 
Figure  15-5.  The  temperature  sensors  are  indicated  by  SI,  S2,  S3  and  S4, 
The  signals  from  these  temperature  sensors  are  sent  to  the  control 
panel  in  order  to  control  the  pumps,  labeled  PI  through  P5,  and  the 
valves,  labeled  VI  and  V2.  Whenever  the  temperature  recorded  at 
SI  exceeds  that  at  S2  by  a  preset  amount,  then  the  controller 
starts  pumps  PI  and  P2  and  heat  is  delivered  to  the  storage  tank. 
Also,  whenever  the  temperature  at  S2  exceeds  that  at  S4  by  a  preset 
amount,  the  controller  will  start  pumps  P4  and  P5  and  heat  is  supplied 
to  the  service  hot  water  preheat  tank.  Finally,  whenever  thermostat 

53  indicates  that  the  house  requires  heat,  pump  P3  is  started. 

The  heat  is  supplied  either  from  the  storage  tank  or  from  the  auxiliary 
boiler,  depending  upon  the  temperature  of  the  water  and  the  storage 
tank.  If  the  storage  tank  temperature  is  not  high  enough,  then  the 
controller  will  set  valves  VI  and  V2  so  that  the  flow  is  through 
the  auxiliary  boiler  and  the  auxiliary  boiler  is  turned  on. 

The  control  for  the  pumps  for  the  service  hot  water  system 
operates  in  a  manner  similar  to  that  previously  described.  The  sensor 

54  senses  the  temperature  of  the  service  hot  water  in  the  preheat 
tank.  This  is  compared  with  the  temperature  of  water  in  the  storage 
tank  and  with  a  preset  maximum  value,  for  example  150  F.  When  the 
temperature  in  the  storage  tank  exceeds  the  temperature  of  the  water 
in  the  service  hot  water  preheat  tank  by  approximately  10  F,  then 
pumps  P4  and  P5  will  be  started  unless  the  temperature  of  the  water 
in  the  preheat  tank  exceeds  150  F.  We  do  not  want  the  water  in  the 
preheat  tank  to  exceed  150  F  in  order  to  prevent  scalding. 
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CONTROL  LOGIC,  HYDRONIC  SYSTEM 

A  schematic  representation  of  a  control  logic  for  a  typical 
installation  is  shown  in  Figure  15-6.  The  system  diagrammed  in  Figure 
15-6  operates  as  follows:  The  signal  from  SI  is  the  temperature  being 
measured  at  the  collectors,  while  S2  is  the  temperature  in  the  storage 
tank.  The  signals  SI  and  -S2  (-S2  is  obtained  by  passing  the  signal 
S2  through  an  inverter)  are  combined  in  the  Summer  to  produce  the  signal 
S1-S2.  This  is  compared  with  T  r   ,  in  the  comparator  in  order  to 
determine  whether  or  not  the  temperature  of  the  fluid  coming  out  of 
the  collector  is  high  enough  to  justify  turning  on  the  pumps  to  collect 
and  store  the  heat.  As  indicated  earlier,  this  difference  should  be  about  20  F. 
When  this  happens,  the  logic  signal  from  the  comparator  is  high  (+  5  volts) 
and  this  sets  the  flip-flop,  which  in  turn  will  turn  on  pumps  PI  and  P2. 
These  pumps  must  be  turned  off,  however,  whenever  the  difference  between 
the  collector  output  temperature  and  the  storage  temperature  ceases 
to  exceed  approximately  4  °F.   In  order  to  achieve  this,  the  signal 
S1-S2  is  compared  with  Tref  2>  then  inverted,  and  then  sent  to  the 
reset  input  of  the  flip-flop.  The  operation  of  the  flip-flop  device 
is  such  that  when  R  is  high  the  flip-flop  device  will  send  a  logic 
off-signal  to  pumps  PI  and  P2.  Therefore,  when  the  collector  tempera- 
ture minus  the  storage  temperature  is  less  than  4  F,  the  output  of 
the  comparator  will  be  low,  and  consequently,  the  R  input  to  the 
flip-flop  will  be  high  and  this  will  turn  off  the  pumps. 

The  control  system  for  supplying  heat  to  the  house  is  shown  on 

the  bottom  part  of  Figure  15-6.  Thermostat  S3  senses  the  temperature 

in  the  house,  T  ,.  c   represents  the  lower  part  of  the  dead  band,  and 
ref  5  v  v 

T  r  r   represents  the  upper  part  of  the  dead  band.  Whenever  the  house 
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temperature  drops  below  T  f  5,  then  pump  P3  is  started.  This  may  be 
accomplished  by  comparing  S3  with  T  -  r,   as  shown,  then  inverting 
the  output  of  the  comparator,  and  then  sending  the  signal  to  the  set 
input  of  the  flip-flop.  When  the  temperature  in  the  house  reaches 
the  upper  part  of  the  dead  band,  the  output  of  the  second  comparator 
will  be  high,  which  in  turn  will  cause  the  flip-flop  device  to  reset 
itself  to  turn  off  pump  P3.  Finally,  the  valves  VI  and  V2  are  controlled 
by  the  output  of  the  comparator  that  compares  the  temperature  of  the 
water  in  the  storage  tank  with  T  -  3.  If  the  storage  tank  temperature 
drops  below  T  -  ~,  then  valve  V2  will  direct  the  flow  through  the 
auxiliary  boiler.  The  auxiliary  boiler  is  to  be  turned  on  only  if 
pump  P3  is  on  and  S2  is  smaller  than  T  -  -,.  This  is  accomplished 
by  passing  the  two  signals  through  the  gate  as  shown  in  Figure  15-6. 

CONTROL  ACTUATORS 

The  pumps,  blowers,  valves,  and  dampers  are  referred  to  as  the  con- 
trol actuators  and  produce  the  desired  mechanical  operation  in  response 
to  the  electrical  control  signals.  Pumps  and  blowers  are  wired  through 
manual  switches  from  the  control  panel.  The  switch  remains  on;  it  is  a 
safety  feature  and  may  even  be  required  in  the  electrical  codes.  The 
switches  are   to  be  placed  near  the  motors  and  not  at  the  control  panel. 

Control  valves  and  dampers  usually  require  some  mechanical  adjust- 
ment for  proper  setting.  The  best  practice  is  to  use  spring-return  two- 
position  dampers  or  valves  which  are  in  the  "normal"  or  most  common 
position  when  unpowered. 
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AUXILIARY  HEAT  CONTROL 

The  controls  on  a  conventional  boiler  or  forced  air  furnace  must  be 
changed  for  solar  auxiliary  purposes.  This  is  because  the  blower  or  pump 
must  be  actuated  from  the  control  panel  and  not  the  auxiliary  control. 
Typically,  the  control  panel  will  produce  a  second-stage  thermostat  signal 
to  activate  an  auxiliary  fuel  valve  of  220  V  electrical  power  relay. 

CONTROL  SYSTEM  CHECK  OUT 

It  is  well  to  check  the  control  system  with  a  "dry"  run  through  the 
full  sequence  of  modes.  The  thermostat  set  points  can  usually  be  altered 
to  fake  the  desired  modes.  This  will  assure  that  the  system  will  "work" 
when  it  is  first  put  into  operation.  There  will  still  need  to  be  adjust- 
ments to  the  control  system  in  order  to  "tune"  it  to  the  highest  perfor- 
mance. This  amounts  to  adjustment  of  set  points,  dead  bands,  and  anticipators 
which  give  the  best  overall  comfort  and  solar  heat  utilization. 
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16-1 
INTRODUCTION 


TRAINEE-ORIENTED  OBJECTIVE 

To  be  able  to  select  subsystems  for  a  solar  heating  system, 


SUB-OBJECTIVES 

At  the  end  of  this  module  the  trainee  should  be  able  to  select: 

1.  Heat  Exchangers 

2.  Pumps  and  Blowers 

3.  Valves,  Air  Vents,  and  Dampers 

After  the  collector  and  storage  systems  have  been  si  zed, it  is 
necessary  to  select  the  additional  subsystem  components.  This  module 
considers  the  selection  of  heat  exchangers,  pumps,  and  valves  and  air 
vents  for  liquid  systems,  followed  by  heat  exchangers,  blowers  and 
pumps,  and  dampers  for  air  systems.  Collectors,  storage  devices,  and 
controls  are  discussed  in  individual  modules. 

LIQUID  SYSTEMS 

A  schematic  representation  for  a  typical  liquid  system  is  shown 
in  Figure  16-1.  The  principal  components  are  the  collectors,  storage 
tank,  pumps,  heat  exchangers,  valves,  and  control  systems.  Additional 
components  that  must  be  included  are  shown  in  Figure  16-2.  These  include 
the  filters,  check  valve,  ion  getters,  surge  tank,  and  dielectric  couplers 
(if  necessary).  Methods  for  selecting  these  components  are  presented 
in  the  following  sections. 
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HEAT  EXCHANGERS 

For  1 iquid-to-liquid  heat  exchanne  without  mixing  of  the  liquids, 
shell-and-tube  type  heat  exchangers  should  be  selected.  These  units  are 
marketed  widely  and  are  thus  easily  obtained.  The  only  uncommon  requirement 
for  these  heat  exchangers  is  for  a  low  temperature  difference  between  the 
two  liquids.  This  requirement  can  be  met  by  using  single-pass  counterflow 
design.  This  is  illustrated  in  Figure  16-3.  It  can  be  seen  from  the  tempera- 
ture profiles  in  the  exchanger  that  the  single-pass  counterflow  arrangement 
allows  the  temperature  difference  between  fluids  to  be  nearly  constant 
along  the  exchanger.  This  feature  results  in  a  smaller  temperature  loss 
across  the  exchangers.  The  disadvantage  of  the  single-pass  counterflow 
heat  exchanger  is  its  physical  dimensions,  involving  long  length  and  small, 
diameter.  A  second  disadvantage  is  the  high  flow  rate  required  through  the 
tubes  of  the  exchanger.  The  single-pass  design  results  in  more  tubes  in 
parallel.  This  means  that  a  higher  pumping  rate  is  needed  to  develop 
turbulent  flow  in  the  tubes.   It  may  be  noted  that  the  tube  liquid  in  the 
collector  heat  exchanger  is  the  storage  tank  water  and  is  to  be  pumped  at 
a  high  flow  rate,  as  we  shall  see  later.  This  flow  is  obtainable  with 
modest  pump  power  because  resistance  in  that  loop  is  low.  The  high  flow 
rates  do,  however,  nearly  eliminate  temperature  stratification  in  the 
storage  tank.  Highly  stratified  storage  temperatures  would  thus  come 
at  the  cost  of  a  larger  exchanger  or  a  higher  temperature  loss. 

The  information  required  for  selection  of  a  heat  exchanger  is: 

1.  Heat  load 

2.  Quantity  of  fluid  entering  the  heat  exchanger  (both  sides) 

3.  Specific  heat  of  fluids 

4.  Temperatures  in  and  out  (both  sides) 
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HOT   FLUID 


COLD         C 
FLUID^M) 


Figure   16-3.     Single-Pass  Counter  Flow  Heat  Exchanger 


5.  Allowable  pressure  drops 

6.  Size  limitations   (if  any) 

7.  Conditions  of  corrosion  which  may  affect  the  system. 

Three  basic  equations  are  necessary  for  the  solution  of  the  problem 
of  selecting  a   heat  exchanger.     The  first  two  equations   relate  the  total 
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heat  load  to  be  transferred  to  the  mass  flow  rate,  specific  heat,  and 
temperature  difference  between  the  entering  and  leaving  fluid  for  both 
sides  of  the  heat  exchanger.  The  third  equation  involves  the  overall  heat 
transfer  coefficient,  surface  area,  and  logarithmic  mean  temperature 
difference  for  the  heat  exchanger.  These  equations  are: 


Q  =  (m  C  )  AT  (shell  side) 


Q  =  (m  Cp)  AT  (tube  side) 
Q  =  UA  (LMTD) 

where 

Q    =    quantity  of  heat  to  be  transferred 

Cp   =    specific  heat  at  constant  pressure  of  fluid 

m    =    mass  flow  rate 

AT   =    temperature  change  of  fluid 

A    =    surface  area 

U    =    overall  heat  transfer  coefficient 

LMTD  =    logarithmic  mean  temperature  difference 

The  basic  heat  transfer  equation  is  used  to  establish  the  amount 
of  heat  exchanger  surface  required  to  meet  the  application  requirements. 
The  overall  coefficient  is  a  combination  of  heat  transfer  rates  for  both 
the  fluid  through  the  shell  side  and  cooling  water  through  the  tubes,  and 
the  LMTD  is  the  true,  average  logarithmic  mean  temperature  difference.  The 
LMTD  is  defined  by 

(Trt2)  -(T2-  tj) 


LMTD  =     (T.-tJ 
e(i2  tjj 
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where  the  temperatures  T. ,  T«i  t,  ,  and  t~  are  as  shown  in  Figure  16-3 
for  a  single-pass  counter  flow  heat  exchanger. 

The  overall  heat  transfer  coefficient  includes  the  individual  fluid 
film  coefficients,  the  resistance  to  transmission  of  heat  through  the 
tube  walls,  and  fouling  factors  for  each  fluid.  These  equations  may  be 
used  to  determine  the  appropriate  heat  exchanger  size  for  any  particular 
application.  The  application  of  these  equations  to  the  selection  of  a 
particular  brand  of  heat  exchangers  will  be  discussed  below. 

2 
Example:  Select  a  heat  exchanger  for  a  solar  heating  system  having  700  ft 

of  collector,  an  1100-gallon  water-storage  tank,  and  a  60%  solution  of 

ethylene  glycol  and  water  as  the  transport  medium  in  the  collector  loop. 

The  system  is  to  be  installed  near  Fort  Collins,  Colorado.  The  mass 

flow  rate  through  the  collector  is  to  be  16  gpm. 

Step  1  --  We  begin  by  determining  the  amount  of  heat  to  be  transferred 

Suppose  that  we  are  provided  with  the  following  collector  characteristics: 


FRUL  =  0.86  Btu/hr-ft2-°F 
FR  ™  =  0.72 
FR7FR  =  0.97 


Also  suppose  we  design  for  a  condition  for  which 


HT  =  365  Btu/hr-ft' 


and 


T.  -  T  =  100  UF 
l    a 
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Then  the  amount  of  heat  collected  per  square  foot  of  collector  is: 

Qu/A  =  (350)  (.698)  -  (.8342)  (100) 
=  17?  Btu/hr-ft2 
Therefore,  the  total  heat  collected  is 

Q  =  113,000  Btu/hr. 

Step  2  --  We  next  determine  the  temperature  changes  through  the  shell 
side  and  the  tube  side  of  the  heat  exchanger.  The  highest  temperature 
fluid  should  be  circulated  through  the  shell  side.  The  specific  heat 

R  t\  i 

of  the  mixture  is  about  0.8  -yr—  .   (It  varies  with  temperature  and  this  is 
an  average  value. ) 
Therefore, 


(rfi  Cp)c  =  (16 


gal 

min 


8.25 


lb 
gal 


0.8 


Btu 
TTd^T 


60 


mm 

hr 


6336 


Btu 
hr-uF 


Therefore  the  temperature  drop  on  the  shell  side  is 


AT  =  113000/6336  =  18  UF. 


Now  suppose  that  the  mass  flow  rate  through  the  tube  side  is  25  gal/min 
Then: 


(mCP)T=  25  gl    8.33  i^   (  1  ^ 


1 60  fjin. 


12500  ^p 


Therefore, 


ATT  =  113000/12500  =  9  UF 


16-9 

Step  3  --  Next  we  evaluate  the  LMTD.  This  is  made  simple  by  re- 
ferring to  Table  16-1.  We  calculate  the  small  temperature  difference  (STD) 
and  the  large  temperature  difference  (LTD)  from 

STD  =  min  [(T]  -  t2),   (T2  -  tj)] 
LTD  =  max  [(T-,  -  t2)  ,  (T2  -  t^)] 


where 


Then 


and 


Also 


T-.   =    temperature  of  fluid  entering  shell  side 
T«   =    temperature  of  fluid  leaving  shell  side 
t,   =    temperature  of  fluid  entering  tube  side 
t?   =    temperature  of  fluid  leaving  tube  side. 
In  this  example  we  shall  suppose  that 

T1  =  184  °F 

t-  =  160  °F 


T2  =  184-18  =  166  °F 


t2  =  160+9  =  169  °F 


V 

h 

=  15  ° 

F 

and 

V 

V 

6  °F. 

There 

fore 

i 

LTD 

-   15, 

STD  = 

6 

and 

STD/LTD  = 

0.4. 

From  Table  16-1,  LMTD/LTD  =  0.655.  Hence,  LMTD  =  9.8  °F. 
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Step  4  --  Using  the  heat  transfer  equation,  Q  =  UA  (LMTD)  and  a 

r\ 

heat  transfer  coefficient  (nominal)  of  275  Btu/hr-ft  -°F,  we  obtain 


A  = 


113000 
(275)(9.8; 


=  42  ft' 


Step__5__--  Use  Table  16-2  to  select  a  heat  exchanger  having  approxi- 
mately the  area  determined  in  Step  4.   From  Table  16-2,  we  can  select 
a  model  SSF-603  with  Y  tubes  or  an  F-603  with  Y  tubes. 

Step  6  --  We  now  select  the  baffle  spacing.  We  do  this  by  determining 
shell  and  tube  velocity  factors  by  referring  to  Table  16-3  and  then 
computing  velocities  according  to: 

shell  velocity  (ft/sec)  =  (shell  velocity  factor)  x  (gpm  through 

shell  side)  . 
tube  velocity  (ft/sec)   =  (tube  velocity  factor)  x  (gpm  through  tube 

side)  x  (number  of  passes). 


For  best  results  the  velocities  should  be  between  1  and  6  feet  per 
second. 

From  Table  16-3  we  obtain 


SVF 

Velocity  (ft/sec) 

TVF 

Velocity  (ft/sec) 

.244 

3.9 

.033 

.825 

.122 

1.95 

.061 

0.98 

.031 

0.50 

We  can  select  either  an  H  or  D  baffle  and  obtain  an  appropriate 
velocity  through  the  shell  side.  The  tube  velocity  is  slightly  low  and 
could  be  improved  by  increasing  the  flow  rate. 
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PUMPS 

The  pumps  must  be  selected  to  provide  the  required  design  flow  rates. 
The  pumps  should  be  centrifugal  type  with  direct  coupled  motors.  Centrif- 
ugal pumps  provide  two  advantages  over  the  positive  displacement  style  pump. 
Centrifugal  pumps  offer  a  safety  feature  in  that  they  will  pump  only  a  small 
amount  above  rated  pressure  if  the  fluid  loop  should  be  blocked.  Thus,  such 
an  occurrence  would  neither  damage  the  pump  nor  burst  a  fluid  line.  A 
second  advantage,  particularly  on  the  collector  loop,  is  the  increase  in 
flow  rate  as  the  temperature  of  the  fluid  increases.  This  is  due  to 
viscosity  changes  of  the  fluid  and  improves  the  collector  efficiency  at 
high  temperatures. 

Pumps  are  rated  according  to  the  flow  rate  they  will  provide  when  sub- 
jected to  a  given  head  pressure.  The  head  pressure  is  calculated  by  deter- 
mining the  pressure  drop  in  each  component  of  a  loop.  For  example, 
consider  the  loop  for  pump  PI  in  Figure  16-1.  The  pressure  drop 
consists  of  a  Ap  in  the  collectors,  a  Ap  due  to  pipe  friction,  a  Ap  due 
to  elbows,  a  Ap  due  to  valves,  a  Ap  due  to  the  heat  exchanger,  a  Ap  due  to 
the  filter,  and  a  Ap  due  to  the  ion  getter.  In  a  closed  loop  that  is  kept 
full,  one  does  not  include  the  head  pressure  due  to  pumping  the  fluid 
to  a  higher  elevation.  However,  in  a  system  that  is  drained,  this  head 
would  have  to  be  included. 

The  pressure  drop  through  the  collectors  will  represent  the  major 
drop  in  the  system.  This  will  have  to  be  provided  by  the  collector 
manufacturer  or  otherwise  determined  experimentally  before  the  system 
design  can  be  completed.  Typical  pressure  drops  are  on  the  order  of 
2  lb/in  per  collector  panel.  This  can  be  related  to  feet  of  water  by 
the  relation: 
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1  ft  hLO  =  0.433  psi. 
The  pressure  drop  through  copper  pipes  can  be  determined  by 
referring  to  Figure  16-4,  which  gives  pressure  drop  in  various  sizes 
of  pipe  at  various  flow  rates.   For  example,  at  a  flow  rate  of  15  gpm 
through  1  1/4  inch  copper  pipe,  the  Ap  is  5  feet  of  water  per  100  feet 
of  pipe.  Similar  charts  may  be  obtained  for  other  types  of  pipe. 
The  Ap  through  elbows,  valves,  and  tees  may  be  determined  by 
referring  to  Figure  16-5,  or  by  simply  adding  about  50%  to  the  Ap  for 
the  pipes. 

The  pressure  drop  through  the  ion  getter  is  so  small  that  it 
can  be  ignored.  However,  the  Ap  through  the  filter  can  be  significant 
and  should  be  obtained  from  the  manufacturer.   In  the  case  of  the  filter 
in  CSU  Solar  I  the  values  range  between  those  shown  in  Table  16-4. 

The  Ap  through  the  heat  exchanger  can  be  obtained  from  the  manufac- 
turer or  calculated  by  the  following  procedure  (from  Young  Radiator  Co.), 

The  set  of  curves  shown  in  Figures  16-6  through  16-9  can  be  used 
to  obtain  pressure  drops  on  the  shell  and  tube  sides  of  a  heat 
exchanger.  The  curves  are: 

PD1  -    The  pressure  drop  through  the  shell  side  of  the  tube 

bundle  utilizing  water. 
PD2  -    The  pressure  drop  through  the  tube  side  of  the  tube 

bundle  and  the  drop  due  to  the  change  of  direction  in 
multi-pass  Heat  Exchangers  utilizing  water. 
PD3  -    The  pressure  drop  resulting  from  sudden  contraction 

and  expansion  as  occurs  between  the  entrance  and  exit 
connections  and  the  tube  bundle  on  the  shell  side;  and 
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between  the  channel  or  bonnet,  and  the  tube  bundle  and 
entrance  and  exit  connections  on  the  tube  side. 
PD4   -    The  velocity  through  a  round  opening  or  pipe  of  a 
given  diameter  at  the  given  flow  rate. 
To  obtain  the  shell  side  pressure  drop  through  a  heat  exchanger: 

1.  Calculate  the  shell  velocity  and  enter  either  PD1  for  water 

or  PD2  for  oil  and  obtain  P  (water)  or  P  (oil). 

w  o 

2.  Multiply,  as   indicated  on  graphs  PD1  or  PD2,    Pw  or  P 

by  the  tube  bundle  length  in  inches,  by  the  ratio  of  the 
inside  shell  diameter  divided  by  the  baffle  spacing, and  by 
the  indicated  correction  factor. 

3.  Record  the  result  as  the  pressure  drop  through  the  tube 
bundle  in  psi . 

4.  Obtain  the  entrance  velocity  from  PD5  by  entering  with  the 
flow  in  gpm  and  the  size  of  the  connection  opening. 

5.  Calculate  the  ratio  of  the  entrance  velocity  from  Step  4 
to  the  shell  velocity  from  Step  1.  Divide  the  larger  of 
the  two  by  the  smaller  so  that  the  ratio  is  larger  than  one. 

6.  Enter  PD4  with  the  ratio  from  Step  5  and  multiply  the  factor 
obtained  by  the  square  of  the  smaller  velocity  from  Step  1 
or  Step  4,  whichever  is  appropriate.  Multiply  this  result 
by  .88  for  oil . 

7.  Record  this  result  as  the  pressure  drop  through  the  entrance 
and  exit  connection  in  psi. 

8.  Add  the  figures  from  Step  3  and  Step  7  to  obtain  the  total 
pressure  drop  in  psi  through  the  shell  side  of  the  heat 
exchanger. 
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9.   Obtain  the  pressure  drop  factor  for  entering  tube  loss  by 

entering  PD4  with  the  ratio  of  the  tube  velocity  from  Step  1 
to  the  channel  velocity  from  Step  7.  Divide  the  larger 
velocity  by  the  smaller  so  that  the  ratio  is  larger  than  one. 

10.  Obtain  the  pressure  drop  factor  for  the  entrance  loss  by 
entering  PD4  with  the  ratio  of  the  entrance  velocity  from 
STEP  8  to  the  channel  velocity  from  Step  7.  Divide  the  larger 
velocity  by  the  smaller  so  that  the  ratio  is  larger  than  one. 

11.  Add  the  values  from  Step  9  and  Step  10  to  .0625. 

12.  Multiply  the  value  from  Step  11  by  the  square  of  the  channel 
velocity  from  Step  7. 

13.  Record  this  result  as  the  pressure  drop  through  the  entering 
and  exit  connections. 

14.  Add  the  values  from  Step  6  and  Step  13  to  obtain  the  total 
pressure  drop  in  psi  through  the  tube  side  of  a  heat  exchanger, 

After  determining  the  individual  pressure  drops, the  total  Ap  may 
be  determined  in  order  to  select  a  pump.  For  example,  in  CSU  Solar  I, 
the  total  pressure  drop  in  the  collector  loop  is  found  to  be  ^47  feet 
of  water.  This  was  made  up  of  the  following  items. 


Ap 


pipes 


(140  ft)  f  6  ft  H2° 
\   100  ft 


..4  ft 


Ap 


elbows 


ft 
~eTbow 


(13  elbows 


6  ft  H20 
100  ft 


=  6.24  ft 


Ap 


valves 


ft  \  ,,0   ,    x   /  6  f 
vTWe^12  valves)  f  -j 


6  ft  H20 
00  ft 


0.72  ft 


Ap 


ht.  exc. 


20.8  ft 


16-15 


Ap  ,,  =  9.2  ft 

Kcoll 

Apr.n .   -  2.3  ft. 
^filter 

A  typical  pump  selection  chart  is  shown  in  Figure  16-10.  The 
pump  should  be  selected  to  provide  the  desired  flow  rate  with  the  Ap 
calculated. 

VALVES  AND  AIR  VENTS 


It  is  very   important  that  valves  and  air  vents  be  included  in  a 
liquid  system.  The  purpose  of  the  valves  is  to  provide  for  the 
proper  flow  rate  and  uniform  flow  through  the  collectors.  The  valves 
should  be  adjusted  after  the  system  is  installed  to  insure  that  the 
flow  rates  are  close  to  those  required  by  the  design.  Also,  since  it 
is  virtually  impossible  to  keep  air  out  of  an  unpressuri zed  system, 
it  is  absolutely  essential  that  air  vents  be  included  in  the  system 
design.  The  air  vents  and  valves  should  be  made  of  the  same  material 
as  the  plumbing  that  they  connect  to  in  order  not  to  add  to  the 
corrosion  problem. 

In  addition  to  the  valves  required  for  flow  regulation,  many 
systems  (such  as  that  illustrated  in  Figure  16-1)  will  require  some 
three-way  valves.  These  valves  are  a  part  of  the  control  system  and 
are  used  to  direct  the  flow  through  the  auxiliary  boiler. 

AIR  SYSTEMS 

We  will  not  spend  nearly  as  much  time  discussing  air  systems 
as  we  did  water  systems  because  the  principal  manufacturers  of  air 
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collectors  manufacture  and  sell  a  complete  system.  Also,  the  major 
problems  are  encountered  more  with  respect  to  installation  than  with 
respect  to  design. 

HEAT  EXCHANGERS 

The  only  heat  exchanger  used  in  a  typical  air  system  is  an 
air-to-water  heat  exchanger  used  to  provide  for  service  hot  water. 
This  can  consist  of  a  copper  coil  inside  the  air  duct  on  the  return 
side  of  the  collector.  This  can  be  sized  quite  easily  by  considering 
the  amount  of  service  hot  water  to  be  provided,  the  air  flow  rate  and 
temperature  through  the  air  duct,  the  water  flow  rate  through  the  coil, 
and  the  heat  transfer  coefficient  between  the  air  and  the  coil.  The 
equations  required  to  solve  this  heat  transfer  problem  are: 

Q  =  (ific  )  •  AT  . 
w   v  p'air   air 


Q  =  (rfic  )  AT 

p  w   w 


Q  =  kA  (T  .   -  T  ) 
air    w 

where  T  and  T  represent  the  average  air  temperature  and  water  tempera- 
ture across  and  through  the  coil,  and  k  represents  the  heat  transfer 
coefficient,  and  A  represents  the  area  of  the  coil. 

The  problem  now  is  that  we  have  more  unknowns  than  we  have 
equations.  The  difficulty  is  that  the  temperature  of  the  water  into 
the  coil  is  unknown  and  is  a  function  of  the  dynamics  of  the  preheat 
tank.   It  may  be  determined  from  a  differential  equation  for  the  heat 
balance  of  the  preheat  tank.  Time  does  not  permit  us  to  develop 
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general  parameterized  solutions  to  this  dynamic  system's  problem. 
However,  since  the  cost  of  this  heat  exchanger  is  extremely  minor 
relative  to  the  cost  of  other  components  in  this  system,  and  the  per- 
formance of  the  heat  exchanger  and  service  hot  water  preheat  tank 
system  is  not  terribly  sensitive  to  the  heat  exchanger  area,  it  is 
recommended  that  a  standard  size  be  used  in  residential  applications. 
For  example,  Solaron  Corporation  supplies  a  standard  size  of  15"  x  18" 
which  is  used  in  systems  having  flow  rates  up  to  1300  CFM. 

BLOWERS  AND  PUMPS 

The  only  pumps  required  in  a  typical  air  system  are  the  pumps 
required  for  the  service  hot  water.  Since  these  pumps  interact  with 
the  service  hot  water,  they  should  be  bronze  pumps  rather  than  have 
iron  castings.  A  quite  satisfactory  pump  has  been  found  to  be  the 
March  809  BF. 

The  blower  should  be  sized  in  a  manner  similar  to  that  which  was 
used  for  sizing  pumps  in  liquid  systems.  That  is,  the  static  pressure 
lost  throughout  the  system  must  be  calculated  based  on  the  desired 
flow  rates, and  this  is  used  to  size  the  blower.  The  pressure 
drop  may  be  determined  from  Figure  16-11  which  gives  friction  loss 
in  straight  ducts  for  flow  rates  in  the  range  of  interest  for  residen- 
tial applications.  The  major  pressure  drop  in  the  system  will  be  that 
through  the  collectors  and  this  would  have  to  be  provided  by  the 
collector  manufacturer.  As  with  the  liquid  system,  the  aT's  through 
each  component  in  a  loop  must  be  determined, and  the  total  pressure 
drop  consists  of  the  sum  of  the  individual  pressure  drops.  This  is 
then  used  to  select  the  blowers. 
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It  is  important  in  an  air  system  that  the  flow  rate  required  by 
the  auxiliary  furnace  be  matched  to  that  required  for  the  solar  part 
of  the  system.   If  this  is  not  the  case  --  for  example,  if  the  solar 
part  requires  a  flow  rate  of  600  CFM  and  the  auxiliary  furnace  requires 
a  flow  rate  of  1000  CFM  --  then  additional  ducting  and  controls  must 
be  provided.  This  obviously  increases  the  cost  of  the  system. 
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Table  16-1.  Logarithmic  Mean  Temperature  Difference  Factors* 


STD 

LTD 

LMTD 
LTD 

STD 
LTD 

LMTD 
LTD 

STD 

LTD 

LMTD 
LTD 

STD 
LTD 

LMTD 
LTD 

1 

2 

1 

2 

1 

2 

1 

2 

0.01 
0.02 
0.03 
0.04 

0.215 
0.251 
0.277 
0.298 

0.25 
0.26 
0.27 
0.28 
0.29 

0.541 
0.549 
0.558 
0.566 
0.574 

0.50 
0.51 
0.52 
0.53 
0.54 

0.721 
0.728 
0.734 
0.740 
0.746 

0.75 
0.76 
0.77 
0.78 
0.79 

0.870 
0.874 
0.879 
0.886 
0.890 

0.05 
0.06 
0.07 
0.08 
0.09 

0.317 
0.334 
0.350 
0.364 
0.378 

0.30 
0.31 
0.32 
0.33 
0.34 

0.582 
0.589 
0.597 
0.604 
0.612 

0.55 
0.56 
0.57 
0.58 
0.59 

0.753 
0.759 
0.765 
0.771 
0.777 

0.80 
0.81 
0.82 
0.83 
0.84 

0.896 
0.902 
0.907 
0.913 
0.918 

0.10 
0.11 
0.12 
0.13 
0.14 

0.391 
0.403 
0.415 
0.427 
0.438 

0.35 
0.36 
0.37 
0.38 
0.39 

0.619 
0.626 
0.634 
0.641 
0.648 

0.60 
0.61 
0.62 
0.63 
0.64 

0.783 
0.789 
0.795 
0.801 
0.806 

0.85 
0.86 
0.87 
0.88 
0.89 

0.923 
0.928 
0.934 
0.939 
0.944 

0.15 
0.16 
0.17 
0.18 
0.19 

0.448 
0.458 
0.469 
0.478 
0.488 

0.40 
0.41 
0.42 
0.43 
0.44 

0.655 
0.662 
0.669 
0.675 
0.682 

0.65 
0.66 
0.67 
0.68 
0.69 

0.813 
0.818 
0.823 
0.829 
0.836 

0.90 
0.91 
0.92 
0.93 
0.94 

0.949 
0.955 
0.959 
0.964 
0.970 

0.20 
0.21 
0.22 
0.23 
0.24 

0.497 
0.506 
0.515 
0.524 
0.533 

0.45 
0.46 
0.47 
0.48 
0.49 

0.689 
0.695 
0.702 
0.709 
0.715 

0.70 
0.71 
0.72 
0.73 
0.74 

0.840 
0.848 
0.852 
0.858 
0.864 

0.95 
0.96 
0.97 
0.98 
0.99 

0.975 
0.979 
0.986 
0.991 
0.995 

Young:   Fixed  Tube  Bundle  Heat  Exchangers,  Catalog  No.  1275, 
(Wisconsin :  Young  Radiator  Co.,  1975),  p.  7. 
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Table  16-2.  Surface  Area* 
TUBE  SURFACE  (square  feet) 


SERIES 

Type 
HF-SSF 

Type 
F-HF 

Type 
SSF 

One  Pass 

One,  Two  &  Four  Pass 

One  &  Two  Pass 

Four  Pass 

Y  TUBES 

Y  TUBES 

R  TUBES 

Y  TUBES 

R  TUBES 

Y  TUBES 

R  TUBES 

201 
202 

1.5 
3.0 

— 



— 

— 

— 

301 
302 
303 

— 

3.6 

7.4 

11.1 

2.6 
5.2 
7.9 

3.9 

7.9 

11.9 

2.8 
5.8 
8.7 

3.6 

7.2 

10.9 

— 

502 
503 
504 

— 

18.1 
27.1 
36.1 

11.2 

16.8 
22.4 

18.4 
27.8 
37.3 

11.8 
17.8 
23.9 

16.2 
25.0 
33.4 

11.5 
17.4 
23.3 

602 
603 
604 
606 
608 

— 

26.9 
40.2 
53.6 
80.8 
107.7 

17.5 
26.2 
34.9 
52.7 
70.2 

27.3 
41.1 
55.0 
83.2 
111.1 

18.3 
27.6 
36.9 
55.8 
74.5 

25.6 
38.5 
51.5 
77.9 
104.1 

16.6 
25.0 
33.4 
50.6 
67.5 

802 
803 
804 
805 
806 
807 
808 
809 
810 

— 

— 

34.1 

50.6 

67.1 

83.6 

100.1 

116.6 

133.1 

149.6 

166.1 

— 

32.7 

49.2 

65.7 

82.2 

98.6 

115.1 

131.6 

148.1 

164.6 

— 

32.7 

49.2 

65.7 

82.2 

98.6 

115.1 

131.6 

148.1 

164.6 

*  Young:   Fixed  Tube  Bundle  Heat  Exchangers,  Catalog  No.  1275, 
(Wisconsin:  Young  Radiator  Co.,  1975),  p.  8. 
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Table  16-3.     Velocity  Factors* 
SHELL  VELOCITY   FACTORS 


TUBE  SIZE  OD 

Y-l/4  INCH 

R-3/8  INCH 

Baffle 
Spacing  (in.) 

H 
1-1/8 

D 
2-1/4 

E 
4-1/2 

A 
9 

H 
1-1/8 

D 
2-1/4 

E 
4-1/2 

A 
9 

200 

.74 

— 

— 

— 

— 

— 

— 

— 

300 

.420 

.210 

.105 

— 

.472 

.236 

.118 

—  i 

SERIES 

500 

.297 

.148 

.074 

0.37 

.333 

.166 

.083 

.042 

600 

.244 

.122 

.061 

.031 

.279 

.140 

0.70 

.035 

800 

— 

— 

— 

— 

— 

.104 

.052 

.026 

TUBE  VELOCITY  FACTORS 

TUBE  SIZE  OD 

Y-l/4  INCH 

R-3/8  INCH 

Baffle 
Spacing  (in.) 

H 
1-1/8 

D 
2-1/4 

E 
4-1/2 

A 
9 

H 
1-1/8 

D 
2-1/4 

E 
4-1/2 

A 
9 

200 

.29 

— 

— 

— 

— 

— 

— 

— 

SERIES 

300 

.117 

.117 

.117 

— 

.107 

.107 

.107 

— 

ONE 

500 

.049 

.049 

.049 

.049 

.051 

.051 

.051 

.051 

PASS 

600 

.033 

.033 

.033 

.033 

.032 

.032 

.032 

.032 

800 

— 

— 

— 

— 

— 

.017 

.017 

.017 

Young:      Fixed  Tube  Bundle  Heat  Exchangers,   Catalog  No.    1275, 
Wisconsin:     Young   Radiator  Co.,   1975),   p.   8. 
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Table  16-4.  Pressure  Drops  through  Filter 
in  CSU  Solar  I 


Ap  (psi) 

Fine 

Medium 

Coarse 

16  gpm  205  °F 

60%  ethylene 

glycol 

(in  water) 

2.10 

0.70 

0.35 

5  gpm  87  F 
pure  water 

0.60 

0.20 

0.10 
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Figure  16-4.  Friction  Loss  in  Copper  Tubing 
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Figure  16-7.  Tube  Side  Pressure  Drop  for  Water. 
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GLOSSARY  OF  TERMS 

absorbent  A  liquid  which  combines  chemically  with 

a  refrigerant 

refrigerant  Working   fluid   in  a   refrigeration  system 

coefficient  of 
performance  Ratio  of  heat  removal   rate  to  heat  supply  rate 

ton  of   refrigeration  Heat  removal    at  a   rate  of  12,000  Btu   per   hour 
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INTRODUCTION 

Space  cooling  is  withdrawal  of  heat  from  the  air  within  a  building 
enclosure  to  lower  the  temperature  below  that  of  the  natural  surroundings. 
Various  solar  cool  ing  methods  and  systems  are  discussed  in  this  module, 
and  although  methods  using  solar  energy  are  of  particular  interest  in 
this  training  course,  other  potential  space  cooling  methods  are  briefly 
discussed. 

TRAINEE-ORIENTED  OBJECTIVE 

The  objective  in  this  module  is  to  present  the  basic  principles 
and  concepts  of  solar  cooling  methods  for  the  purpose  of  designing  a  system 
using  a  solar  cooling  unit.   In  order  to  test  whether  this  objective 
is  met  by  the  trainee,  as  a  minimum  level  of  accomplishment  the  trainee 
should  be  able  to: 

1.  Describe  the  basic  concepts  of  solar  space  cooling  and 
determine  the  amount  of  annual  energy  consumption  to 
operate  the  cooling  unit. 

2.  Describe  the  operation  cycles  of  the  following  experimental 
solar  cooling  systems:  (a)  lithium-bromide-water  absorption 
cycle  (b)  an  open-cycle  liquid  desiccant  system. 

3.  Describe  the  operation  of  non-solar  cooling  units  in  solar 
heating  systems. 

4.  Determine  the  economics  of  solar  cooling  systems  for  specific 
appl ications . 
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DEFINITION  OF  TERMS 

The  capacity  of  a  refrigeration  machine  to  cool  room  air  is 
customarily  referred  in  tons  of  refrigeration.  A  ton  of  refrigeration 
is  the  removal  of  heat  at  a  rate  of  12,000  Btu  per  hour.  Another  often- 
used  term  in  connection  with  refrigeration  equipment  is  coefficient 
of  performance,  COP.  The  COP  expresses  the  effectiveness  of  a  refrigera- 
tion system  as  the  ratio  of  useful  refrigeration  effect  to  net  energy 
supplied  to  the  machine.  The  COP  is  determined  by  the  simple  equation 

below: 

CQP     _     Heat  energy  removed 


Energy  supplied  from  external    sources 
The  COP  of   a  mechanical   vapor-compression  refrigeration  machine   is 
characteristically  about  two,  and  can  be  as   high  as  four.     The  COP  of  a 
lithium-bromide-water  absorption  refrigeration  machine  is  about  0.8  and 
more  often  operates   in  the  range  from  0.6  to  0.7.     A  COP   less   than   1  means 
that  more  energy  is  supplied   to  the  machine  than  heat  energy  removed  from 
the  room  air.      From  the  cooling   capacity  and  COP  the  energy  consumption 
rate  by  the  machine  to  produce  the  cooling  effect  can  be  determined  by 
dividing   the  heat  removal    rate  by  the  COP.      For  example,   the  heat  removal 
rate  for  a   3-ton  absorption  air  cooler  is  36,000  Btu  per   hour.     With  a 
COP  of  0.6,   the  quantity  of  heat  needed  at  the  generator   is   60,000  Btu  per 
hour   (36,000  -   0.6). 
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CATEGORIES  OF  SPACE  COOLING  METHODS 

There  are  three  categories  of  space  cooling  units  for  residential 
buildings.  They  are: 

1.  Refrigeration 

2.  Evaporative  Cooling 

3.  Radiative  Cool ing 

Solar  energy  is  directly  useful  in  refrigeration  methods  and  some 
evaporative  cooling  units.  Simple  evaporative  cooling  systems  and 
radiative  cooling  are  indirectly  related  to  solar  energy  in  that  they 
are  dependent  upon  climatic  factors. 

REFRIGERATION  METHODS 

Refrigeration  systems  effect  cooling  by  removing  heat  from  the 
air  as  it  comes  in  contact  with  a  coldf refrigerated  surface.  Conven- 
tional vapor-compression  systems  using  electric  motors  as  well  as 
absorption  vapor-compression  systems  using  gas  fuel  heat  are  potentially 
convertible  to  systems  using  solar  energy.  Of  many  possible  systems 
available,  only  the  absorption  systems  appear  to  be  useable  from  an 
economic  view  in  the  near  term  (next  five  years),  and  of  the  various 
types  of  absorption  machines  possible, the  lithium-bromide-water  unit 
is  currently  (1977)  commercially  available  for  residential  space-cooling 
appl ications. 

ABSORPTION  REFRIGERATION 

An  absorption  refrigeration  machine  is  basically  a  vapor-compression 
machine  that  accomplishes  cooling  by  expansion  of  a  liquid  refrigerant  under 
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reduced  pressure  and  temperature,  similar  in  principle  to  an  ordinary 
electrically  operated  vapor-compression  air  conditioner.   Instead  of 
a  refrigerant  like  Freon  in  a  conventional  air  conditioner,  inorganic 
refrigerants  such  as  water  or  ammonia  are  used  in  an  absorption  machine 
together  with  an  absorbent.  An  absorbent  is  a  liquid  which  combines 
chemically  with  the  refrigerant  and  releases  the  heat  from  the  fluid 
mixture  in  the  combination  process.  Two  units  are  described  in  this 
module,  a  lithium-bromide-water  unit  where  water  is  the  refrigerant  and 
the  lithium-bromide  is  the  absorbent,  and  an  ammonia-water  unit  where 
ammonia  is  the  refrigerant  and  water  is  the  absorbent. 

In  a  mechanical  vapor-compression  system  the  compressor  is  driven 
by  an  electric  motor;  thus,  the  energy  input  is  electricity.   In  an 
absorption  vapor-compression  system  there  is  no  compressor.   Instead, 
there  is  a  generator  where  energy  input  in  the  form  of  heat  is  used  to 
drive  the  cooling  machine.  The  quantity  of  heat  energy  needed  by  an 
absorption  machine  is  greater  than  the  amount  of  electrical  energy 
(heat  equivalent)  needed  to  operate  an  electro-mechanical  air  conditioner 
to  produce  the  same  cooling  capacity. 

Lithium-Bromide-Water  Absorption  Cooler 

There  are  two  types  of  lithium-bromide-water  absorption  coolers. 
One  type  cools  air  and  the  other  type  cools  water  which  contacts  the 
cooling  coils.  The  first  type  is  called  an  air  chiller,-  the  second, 
a  water  chil ler . 

The  principle  of  operation  of  a  lithium-bromide-water  system  is 
described  with  the  aid  of  Figure  17-1.  Water  is  the  refrigerant  and 
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the  absorbent  is  lithium-bromide.  The  cycle  begins  when  water  in  the 
liquid  mixture  in  the  generator  is  boiled  off  and  superheated  with 
solar  energy  at  a  temperature  between  170  and  210  °F.  The  superheated 
water  vapor  passes  from  the  generator  to  the  condenser  where  it  is 
cooled  to  about  100  F  by  the  cooling  water  from  an  outdoor  cooling 
tower.  The  vapor  condenses  to  a  liquid  and  is  then  revaporized  through 
an  expansion  valve  which  cools  the  vapor-liquid  mixture  to  a  temperature 
of  40  F  in  the  evaporator  coils.  The  heat  in  the  room  air  or  water 
which  is  brought  in  contact  with  the  evaporator  is  removed  by  the 
cooled  refrigerant  in  the  evaporator.  The  refrigerant  then  passes  to 
the  absorber  where  it  recombines  with  the  concentrated  lithium-bromide 
solution  from  the  generator  at  a  temperature  of  about  100  F.   In  this 
recombination  process,  heat  is  released,  and  the  heat  is  removed  by  the 
cooling  water  from  the  cooling  tower.  The  dilute  solution  of  lithium- 
bromide  and  water  in  the  absorber  flows  by  gravity,  or  is  pumped  back, 
to  the  generator  and  the  cycle  is  repeated.  The  recouperator  in  the 
diagram  is  a  heat  exchanger  to  make  the  system  thermodynamical ly  more 
efficient. 

Temperature  Restrictions  --  The  operating  temperature  range  of  the 
hot  water  supplied  to  the  generator  of  a  solar-operated  lithium-bromide- 
water  absorption  refrigeration  machine  is  restricted  from  170  F  to 
210  F.  The  water  temperature  to  the  generator  must  be  sufficiently 
high  to  boil  the  water  from  the  solution  in  the  generator.  The 
temperature  must  be  at  least  170  F.  The  upper  temperature  is  limited 
to  210  F  because  the  hot  water  to  the  generator  in  a  solar  system  is 
provided  from  storage  and  the  temperature  in  storage  will  be  less  than 
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the  boiling  temperature  of  water  at  atmospheric  pressure.  Another 
limitation  is  the  temperature  of  the  concentrated  lithium-bromide 
solution  which  flows  from  the  generator  to  the  absorber  through  the 
recouperator.   If  the  temperature  is  too  low  in  the  recouperator,  and 
the  concentration  of  the  lithium-bromide-water  solution  is  high,  the 
lithium-bromide  will  solidify  in  the  outlet  tube  leading  from  the 
recouperator  to  the  absorber.  Provided  the  temperature  in  the  generator 
is  between  170  F  to  210  °F,  the  unit  will  operate  satisfactorily. 

System  Components  --  The  absorption  cooler  should  be  situated  close 
to  the  hot  water  storage  tank  to  minimize  heat  loss  from  the  pipelines 
connected  to  the  tank.  A  schematic  diagram  of  a  flow  chart  for  a  water 
chiller  in  a  solar  system  is  shown  in  Figure  17-2.  The  hot  water  from 
the  top  of  the  storage  tank  is  pumped  through  the  generator  by  pump  P-2 
and  returned  to  the  bottom  of  the  tank.  It  will  be  noted  that  the  piping 
connection  goes  through  the  auxiliary  boiler.  When  the  tanperature  in 
the  storage  tank  is  insufficient  to  operate  the  absorption  chiller,  the 
auxiliary  boiler  is  used  to  provide  heat  to  the  generator.  When  the 
auxiliary  boiler  is  used,  the  three-way  valve  at  the  bottom  of  the 
auxiliary  boiler  circulates  the  return  water  only  through  the  auxiliary 
boiler.  In  this  way,  auxiliary  energy  is  not  used  to  heat  the  storage 
tank.  The  pump  size  and  head  depend  upon  the  flow  rate  and  pressure 
loss  through  the  system  and  are  influenced  by  the  size  and  length  of  pipe 
connecting  the  storage  tank  to  the  generator  and  the  return  pipe  from 
the  generator  to  the  storage  tank. 

A  wet  cooling  tower  is  needed  with  the  absorption  chiller  to 
discharge  the  heat  from  the  condenser  and  the  absorber  to  the  atmosphere. 
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The  size  of  the  cooling  tower  needed  depends  upon  the  size  of  the 
absorption  machine  (cooling  capacity)  and  the  wet-bulb  temperature  of 
the  ambient  air.  The  temperature  of  the  cooling  water  from  the  cooling 
tower  will  have  a  significant  effect  on  the  COP  of  the  machine.   For 
example,  a  drop  in  COP  from  0.7  to  0.6  can  be  expected  if  the  wet-bulb 
temperature  increases  from  75  F  to  85  F.  A  pump  labeled  P-3  is 
needed  to  circulate  the  cooling  water  from  the  tower  through  the  absorber 
and  condenser  of  the  absorption  machine. 

The  chilled  water  from  the  evaporator  is  circulated  to  the  fan-coil 
unit  to  cool  the  air  in  the  rooms.  The  fan-coil  unit  may  be  a  central 
unit  for  the  entire  building, or  individualized  units  may  be  used  in 
different  zones  within  the  building. 
Water-Ammonia  Absorption  Cooler 

In  a  water-ammonia  absorption  system,  ammonia  is  the  refrigerant 
and  water  is  the  absorbent.  The  system  of  Figure  17-1  must  be  modified 
slightly  by  inserting  a  separator  between  the  generator  and  the  condenser. 
The  separator  is  needed  to  prevent  excessive  amounts  of  water  vapor 
carry-over  with  the  ammonia  into  the  cycle.  The  operating  pressure 
is  greater  than  atmospheric. which  is  an  advantage  over  the  lithium- 
bromide  system;  however,  operating  temperatures  are  greater,  which  is  a 
disadvantage.  The  temperatures  are  not  so  high  as  to  be  unattainable  with 
solar  col  lectors, especial ly  if  evacuated  or  concentrating  collectors 
are  available.  As  yet,  solar  energy  operated  ammonia-water  absorption 
systems  are  not  available.  There  are,  however,  gas-fired  units  available 
in  larger  sizes  for  large  buildings. 
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HEAT  PUMP 

A  heat  pump  is  a  device  to  absorb  the  heat  from  inside  a  building 
and  reject  it  to  the  outside  air,  thus  cooling  a  building.   It  can  also 
be  used  to  absorb  heat  from  a  source  external  to  the  building  and  reject 
it  inside  the  building  at  a  higher  temperature  level  to  heat  the  building. 

A  typical  heat  pump  system  is  shown  in  the  sketch  of  Figure  17-3 
in  the  cooling  mode.   It  is  a  mechanical  vapor-compression  system  with 
a  compressor,  condenser,  expansion  valve  and  an  evaporator.  Warm  indoor 
air  is  cooled  at  the  evaporator  and  the  cool  air  is  redistributed  through 
the  building.  The  warm  refrigerant  vapor  is  compressed  and  heat  is 
rejected  through  the  condenser  coils  outside  the  building.  As  a 
refrigeration  machine,  the  heat  pump  is  not  a  solar  energy  related  device. 
However,  the  same  machine  can  be  used  for  heating  which  can  use  a  solar 
energy  source. 

In  the  heating  mode,  the  cycle  is  reversed.  The  indoor  coils  now 
become  the  condenser,  and  the  outdoor  coil,  the  evaporator.   In  the  heating 
mode,  as  shown  in  Figure  17-4,  heat, which  is  supplied  by  solar-heated 
water  or  air,  is  drawn  into  the  refrigerant  through  the  outdoor  coils. 
The  refrigerant  vapor  is  compressed  and  condensed  to  a  liquid  in  the 
indoor  coils,  thus  giving  up  the  heat  to  the  room  air.  The  cooled 
liquid  is  vaporized  and  returns  to  the  evaporator  to  complete  the  cycle. 

An  important  factor  in  the  successful  appl ication  of  heat  pumps 
for  heating  is  the  availability  of  a  dependable  source  of  heat  for  the 
evaporator  at  a  reasonably  high  temperature.   If  solar  energy  can  be 
such  a  source  of  supply,  then  a  heat  pump  in  combination  with  a  solar 
heat  source  is  a  potentially  important  system  for  heating. 
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SOLAR  RANKINE-CYCLE  ENGINE 

Instead  of  driving  the  compressor  of  a  vapor-compression  refrigera- 
tion machine  with  an  electric  motor,  an  alternative  source  of  power  for  the 
compressor  is  a  solar  powered  engine.  Solar  heat  can  be  used  to 
vaporize  an  organic  fluid  to  drive  a  turbine.  The  turbine  is  coupled 
to  a  compressor  of  the  refrigeration  machine.  A  schematic  drawing  of 
a  simplified  system  is  shown  in  Figure  17-5. 

Heat  is  supplied  to  the  boiler  by  a  solar  collector.  The  fluid  in 
the  boiler  is  vaporized  and  the  vapor  drives  the  blades  of  the  turbine. 
The  rotating  shaft  of  the  turbine  then  drives  a  compressor  for  the  vapor- 
compression  refrigeration  machine  which  produces  the  desired  cooling 
effect.  The  vapor  from  the  turbine  is  changed  to  a  liquid  in  the 
condenser  and  is  pumped  back  to  the  boiler.  The  regenerator  is  a  heat 
exchanger  to  recover  some  of  the  heat  from  the  vapor  ejected  from  the 
turbine.  This  machine  is  still  in  the  experimental  stage  and  is  not 
available  as  an  operational  unit  for  cooling  of  residential  buildings. 

EVAPORATIVE  COOLING 


EVAPORATIVE  COOLING  THROUGH  ROCK  BED 

A  simple  evaporator  cooler  can  be  used  to  cool  warm  air  by  passing 
the  air  through  an  air  washer.  Depending  upon  the  velocity  of  air  and 
wet-bulb  temperature,  warm  air  may  be  evaporatively  cooled  to  a  desired 
dry-bulb  temperature.  As  an  example,  outside  air  at  100  F  dry-bulb 
temperature  and  70  F  wet-bulb  temperature  (relative  humidity  of  22 
percent)  can  be  cooled  by  an  air  washer  to  about  77  degrees.  However, 
the  relative  humidity  would  be  an  uncomfortable  71  percent.  Strictly 


17-14 


>> 


Q 

in 

UJ 

cu 

P 
O 

E 

UJ 

o 

—> 

(_J 

Id 

q: 

1 
o 

D. 

h- 

TO 

I 
<D 

C 

-*: 

c 

esc 


i 


O) 


cn 


17-15 

speaking,  evaporative  cooling  is  not  a  solar  system.  However,  there 

is  the  possibility  of  using  the  rock-bed  storage  of  an  air-heating  solar 

system  for  storing  "cool"  air  in  the  summer  time  as  described  below. 

An  evaporative  cooler  coupled  with  a  rock-bed  storage  unit  is 
shown  in  Figure  17-6;  night  air  is  evaporatively  cooled  and  circulated 
through  the  rock  bed  to  cool  down  the  pebbles  in  the  storage  unit. 
During  the  day,  warm  air  from  the  building  can  be  cooled  by  passing  the 
air  through  the  cool  pebble  bed. 

Using  the  design  guidelines  given  for  sizing  the  storage  and  blower 

of  a  solar  air  heating  system,  and  assuming  the  collector  area  is  700 

3 
square  feet,  the  rock-bed  storage  volume  will  be  350  ft.  (minimum)  to 

3 
700  ft.   (maximum),  and  air  flow  rate  will  be  about  1,400  cfm.  Let  it 

be  assumed  that  the  rock  bed  can  be  cooled  down  to  60  F  at  night,  and 

the  desired  temperature  in  the  room  is  78  F  (maximum)  during  the  day. 

The  rate  of  cooling  provided  by  this  system  then  is  determined  by 

(volume  flow  rate)  x  (air  density)  x  (air  heat  capacity)  x  (temperature 

differential),  or  for  this  example  the  cooling  rate  is 

("°°  itf)  (»«  T^)    ^  To)   (^  °f)  (60  ^)  ■  26,490  ^ 

or  2.21  tons. 

3 
With  a  rock-bed  storage  volume  of  350  ft.  ,  the  cooling  capacity 

stored  in  the  rocks  is  determined  by 

(volume  of  storage) (specif ic  weight  of  rocks) (specific  heat  of  rock) 

x  (temperature  difference)  or, 

(350  ft.3)(100  1^)  x  (0.21  Y%)  (78-60  °F)  =  132,300  Btu 
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Figure  17-6(a),  Might  Charging  of  Rock  Bed 
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Figure  17-6(b).  Day  Cooling  of  Building 
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At  a  cooling  rate  of  26,490  Btu,  there  are  5  hours  (132,300  -:■  26,490) 

hr         ~ 
of  cooling  capability  provided  by  350  ft.  of  rock  bed  storage. 

3 
If  the  storage  size  is  700  ft.  ,  the  cooling  is  unchanged  at 

26,490  Btu  per  hour,  or  2.21  tons,  but  the  cooling  capability  is  increased 

to  10  hours.   When  a  solar  air  heating  system  with  rock  bed  storage  is 

considered  for  use  in  cooling,  it  is  advantageous  to  install  the 

maximum  storage  volume  consistent  with  heating  system  design.  On  a 

unit  collector  area  basis,  storage  size  recommended  is  0.5  to  1  cubic 

foot  per  square  foot.  Thus  for  a  heating  and  cooling  system,  storage 

volume  based  on  1  cubic  foot  per  square  foot  of  collector  is  recommended 

to  maximize  the  cooling  capability  of  the  system. 

Evaporative  cooling  is  restricted  to  arid  and  semi-arid  regions  with 

cool  nights  and  low  wet-bulb  temperatures. 


MUNTER'S  ENVIRONMENTAL  CONTROL 

A  Munter's  Environmental  Control  (MEC)  unit  provides  both  cooling 
and  heating.  A  solar  assisted  unit  in  a  cooling  mode  is  shown  in 
Figure  17-7.  The  two  essential  parts  of  the  MEC  system  are  a  drying 
wheel  and  a  heat  exchange  wheel.  The  wheels  operating  in  combination 
with  a  solar  heater  and  gas  burner  for  air  drying  and  an  evaporative 
cooler  provide  environmental  control. 

Hot  moist  air,  at  say,  90  °F  dry  bulb  and  80  °F  wet  bulb,  is  drawn 
into  the  unit  and  dried  nearly  adiabatical ly  to  180  °F  D.B.  and  80  °F  W.B 
by  the  drying  wheel.  The  hot  dry  air  is  cooled  by  the  slowly  revolving 
heat  exchange  wheel  to  75  °F/53  °F  and  further  cooled  adiabatical ly  to 
55  °F/53  F  by  an  evaporative  cooler  and  distributed  in  the  building. 
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The  drying  wheel  is  regenerated  by  drawing  the  warm  air  from  the 

room  through  the  evaporative  cooler  where  it  is  cooled  from  75  °F/63  °F  to 

65  F/63  0f:-  The  cool  air  removes  the  heat  from  the  heat  exchange  wheel, 

warming  to  170  F/ 91  F.  Part  of  this  air  is  further  heated  by  the  solar 

heating  coil  and  the  gas  burner  to  320  F.  Part  of  the  air  from  the  heat 

exchange  wheel  is  used  for  combustion  in  the  gas  burner,  and  the  balance 

bypasses  both  the  solar  and  gas  heaters.  The  hot  air  regenerates  the 

drying  wheel  by  removing  the  moisture.  The  air  from  the  drying  wheel  is 

combined  with  the  unused  air  from  the  heat  exchange  wheel  and  is  exhausted 

outdoors. 

H 
A  3-ton  demonstration  model    has  operated  at  a  COP  of  about  0.3  with 

indoor  temperature  at  75     F  and   50-percent  relative  humidity.     The 

contribution  which  solar  energy  makes  to  this  system  is  limited  by  the 

temperature  at  the  solar  heating  coil.  To  regenerate  the  drying  wheel, 

a  high  temperature  is  desired, and  assuming  that  a  flat-plate  collector 

is  used  on  the  building  for  heating  purposes,  the  temperature  rise  across 

the  solar  heating  coil  is  limited  to  about  25  F.  The  balance  in 

temperature  rise,  about  225  F,  is  provided  by  the  gas  burner. 

TRIETHYLENE  GLYCOL  OPEN-CYCLE  DESICCANT  SYSTEM 

A  system  which  provides  cooling  by  dehumidif ication  of  the  air 
is  shown  schematically  in  Figure  17-8.   It  is  an  open-cycle  system 
because  it  does  not  require  a  hermetically  sealed  circulation  system  to 
contain  a  refrigerant.  Moist  room  air  is  dehumidified  and  cooled  by 
triethylene  glycol  as  the  air  flows  through  the  absorber.  The 
dehumidified  air  passes  through  eliminators  to  remove  the  liquid  glycol 
from  the  air  and  is  further  evaporatively  cooled  and  redistributed  to  the 
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rooms.  The  liquid  desiccant  which  passes  through  the  absorber  picks  up 
moisture  from  the  building  air  and  becomes  diluted.  This  dilute  solution 
is  regenerated  by  an  outdoor  unit  on  the  right  of  Figure  17-8.  The 
moisture  is  removed  from  the  glycol  solution  in  the  stripping  column, 
thus  regenerating  the  triethylene  glycol  to  a  concentrated  form  which  is 
returned  to  the  absorber  and  recycled.  At  the  stripping  column  the  liquid 
mixture  is  sprayed  into  a  stream  of  solar  heated  air.  The  heated  air 
picks  up  the  moisture  from  the  glycol  spray  and  is  exhausted  to  the 
atmosphere.  Liquid  glycol  droplets  which  are   carried  with  the  air  stream 
are  removed  by  the  eliminators.   If  there  is  insufficient  solar  heat, 
then  an  auxiliary  gas  heater  is  used  to  heat  the  air  stream.  The 
triethylene  glycol  from  the  bottom  of  the  stripping  column  returns  to  the 
absorber  through  heat  exchangers  to  recover  heat  and  make  the  system 
thermodynamical ly  more  efficient. 

A  wide  range  of  operating  solar  heated  air  temperatures  is  possible 
with  this  system,  from  84  °F  to  180  °F.  The  higher  the  temperature, 
however,  the  higher  will  be  the  COP  of  the  machine. 

A  liquid  desiccant  open-cycle  system  in  large  sizes,  using 
conventional  heat  sources,  is  commercially  available.  Except  for  an 
experimental  unit  which  was  studied  25  years  ago,  this  type  of  system 
has  not  been  actively  considered  for  space  cooling  of  residential 
buildings. 
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RADIATIVE  COOLING 

The  use  of  a  flat-plate  collector  to  cool  water  or  air  by  night 
radiation  in  the  cooling  season  has  been  suggested  as  a  possible  way 
to  cool  a  building.   In  principle,  radiation  from  the  absorber  surface 
of  a  flat-plate  collector  to  the  cold  night  sky  could  cool  the  absorber 
surface  and  hence  also  the  water  or  air  circulating  through  the  collector. 
The  difficulty  with  this  method  is  that  a  good  collector  is  a  poor 
radiator;  therefore,  using  the  same  collector  which  collects  solar  heat 
for  the  heating  season  to  cool  water  or  air  in  the  cooling  season  is 
not  practical . 

There  are  two  solar  houses,  one  in  California  and  the  other  in 
Arizona,  that  utilize  night  radiation  to  regulate  the  temperature  rise 
in  residential  buildings.  The  buildings  have  a  shallow  water  pond  on  the 
roof  with  sectional ized  retracting  insulating  covers  over  the  pond. 
The  covers  are  retracted  at  night  to  cool  the  pond  by  evaporation  and 
radiation  to  the  night  sky.  The  covers  are  closed  during  the  day  to 
prevent  the  pond  from  heating.   In  the  winter,  the  insulating  covers 
are  retracted  during  sunny  days  to  collect  solar  heat  in  the  pond  and 
closed  at  night  to  preserve  the  stored  heat.  At  special  locations  in  the 
country,  this  type  of  heating  and  cooling  system  could  be  used.  However, 
in  freezing  climates  there  are  obvious  difficulties. 
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ECONOMICS  OF  SOLAR  COOLING 

At  the  present  time,  the  only  solar  cooling  system  which  has 
been  satisfactorily  and  reliably  operated  is  the  lithium-bromide 
absorption  machine.   For  economic  considerations, suppose  that  the 
absorption  machine  costs  approximately  $2500.  With  a  comparatively 
high  load  factor  on  the  cooling  unit,  750  sg.  ft.  of  collectors  should 
be  able  to  provide  500,000  Btu  of  useful  heat  per  average  summer  day, 
for  the  removal  of  approximately  300,000  Btu  of  heat  from  the  building 
contents.  This  cooling  rate  is  eguivalent  to  about  25  ton  hours  of 
cooling,  that  is,  3  tons  for  eight  hours  per  day.  On  a  seasonal  basis, 
100  days  of  cooling  would  result  in  a  total  of  2,500  ton-hours  of  cooling 
provided  by  the  solar  unit.  Amortizing  the  costs  of  the  air  conditioner 
in  20  years  at  8  percent,  with  all  other  costs  such  as  the  collectors, 
storage  tank,  pumps  and  ducts  being  included  in  the  heating  expense, 
the  cost  of  cooling  is  approximately  $250  per  year.  Dividing  $250  by 
2,500  ton-hours  yields  a  cooling  cost  of  10  cents  per  ton-hour  of  cooling 


Comparison  of  the  cost  of  a  solar  cooling  system  with  the  cost  of 
conventional  cooling  can  now  be  made.  A  vapor-compression  cooling  unit 
of  3  tons  capacity,  equivalent  to  the  above,  would  require  an  investment 
of  about  $1500.   At  a  cooling  COP  of  about  2.0,  2,500  ton-hours  of 
cooling  require  about  3750  ki lowatt- hours  of  electric  energy.  At  3  cents 
per  kilowatt-hour,  the  cost  of  electricity  would  be  $112.50  per  year. 
Adding  $150  annualized  cost  of  the  equipment,  approximately  $262  per 
year,  would  provide  2,500  ton-hours  of  cooling.  The  cost  per  ton-hour 


17-24 

is,  therefore, approximately  10.5  cents.  On  the  basis  of  the  costs  assumed 
in  this  simple  comparison,  solar  cooling  is  competitive  with  conventional 
vapor-compression  cooling. 

For  purposes  of  this  illustration,  electric  power  cost  of  3  cents 
per  kilowatt-hour  was  chosen.  However,  in  many  parts  of  the  country, 
electricity  costs  are  much  higher.   It  is  easily  seen, therefore,  that 
with  electricity  costs  of  3  to  5  cents  in  selected  parts  of  the  country, 
solar  energy  for  cooling  can  be  quite  competitive.  The  critical 
assumptions  made  in  this  analysis  were  that  the  capital  cost  of  the 
solar  cooling  unit  was  approximately  $2500  and  the  balance  of  the  solar 
system  is  economically  justified  by  the  heating  demand.  Obviously, if  the 
capital  cost  of  the  cooling  unit  is  higher,  or  part  of  the  solar  collectors, 
storage  tank,  and  ancillary  equipment  is  to  be  charged  to  the  solar 
cooling  system,  then  solar  cooling  is  not  competitive  with  conventional 
systems  with  electricity  at  3  cents  per  kilowatt-hour  or  less.  The  cost 
of  a  lithium-bromide  absorption  water  chiller  from  one  manufacturer  is 
reported  to  cost  approximately  $6,000.   If  the  capital  cost  is  indeed 
that  large,  solar  cooling  is  not  presently  economical.   It  should  be 
noted,  however,  that  the  high  cost  may  be  the  result  of  low  production 
quantity.  It  is  likely  that  with  mass-produced  quantities  of  the  solar 
cooling  unit,  the  cost  can  be  reduced  substantially.  Nevertheless, 
because  large  quantities  of  solar  cooling  units  are  not  likely  to  be  in 
demand  for  at  least  a  few  years,  solar  cooling  is  not  presently  an 
economic  alternative.  Within  the  next  few  years,  however,  the  situation 
is  expected  to  change. 
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INTRODUCTION 

TRAINEE-ORIENTED  OBJECTIVE 

To  become  aware  of  the  computer-aided  design  programs  that  are 
available  for  the  design  of  systems  that  do  not  fit  within  the  material 
which  has  been  previously  presented. 

SUB-OBJECTIVES 

1.  To  gain  some  familiarity  with  TRNSYS. 

2.  To  gain  some  familiarity  with  SIMSHAC. 

3.  To  learn  about  the  Martin-Marietta/ERDA  Program  that 
is  under  development. 

The  design  techniques  that  have  been  presented  earlier  during  the 
course  are  based  upon  "standard"  system  arrangements.   If  one  were  to 
use  these  techniques  for  a  situation  that  was  quite  different  from  the 
standard  configurations,  then  the  predicted  system  performance  would 
likely  be  in  error.  As  a  specific  example,  if  one  wanted  to  use  the 
Owens-Illinois  Evacuated  Tube  Collector  in  a  system,  then  some  modification 
of  the  performance  curves  that  are  presented  in  Module  7  is  required. 
As  another  example,  suppose  one  wished  to  use  a  solar-augmented  heat  pump 
in  a  design.  The  design  methods  presented  previously  would  not  apply 
to  the  design  of  such  a  system.   In  order  to  design  various  "non-standard" 
systems,  several  computer-aided  design  programs  have  been  developed.  These 
programs  simulate  the  performance  of  systems  using  numerical  models  of 
specific  components  that  may  be  found  in  solar  heating  and  cooling  systems 
for  buildings.  The  user  of  these  programs  can  include  the  appropriate 
component  models  to  assemble  a  complete  solar  heating  and/or  cooling  system, 
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and  proceed  to  simulate  the  performance  of  this  system  with  particular 
cl imatological  conditions.  With  computer  simulation  of  systems,  the  effect 
of  different  control  strategies  can  be  investigated  to  determine  varia- 
tions in  an  overall  system  performance  due  to  chanqes  in  the  size  or  type 
of  any  component  of  the  system.  Computer  simulation  programs  are  valuable 
analysis  and  design  tools. 

There  are  two  primary  programs  in  this  category  at  the  present  time 
and  a  third  is  presently  being  developed.  The  first  of  these  programs 
is  TRNSYS,  developed  by  faculty  and  students  at  the  University  of  Wisconsin 
TRNSYS  has  been  widely  disseminated  and  is  extensively  used.  The  program, 
a  user's  manual  and  documentation  of  the  program,  are  available  from  the 
Solar  Energy  Laboratory  at  the  University  of  Wisconsin  in  Madison.  The 
program  has  been  checked  for  internal  consistencies  (that  is,  verified), 
but  has  not  yet  been  validated  against  actual  performance  data  for  a 
solar  heated  and/or  cooled  building.  The  model  validation  process  is 
taking  place  as  system  performance  data  become  available. 

The  second  of  these  computer-aided  design  programs  is  SIMSHAC,  an 
acronym  for  SIMulation  of  Solar  Heating  And  Cooling  Systems.  This 
program  was  developed  by  Gearold  R.  Johnson  and  C.  Byron  Winn  and  some 
of  their  associates  at  Colorado  State  University  and  has  been  used  in  the 
design  of  several  solar  systems  that  have  been  constructed.  The  program 
will  be  released  as  soon  as  the  documentation  is  completed.  SIMSHAC,  as 
is  the  case  with  TRNSYS,  has  been  verified  so  that  users  may  be  assured 
there  are  no  programming  errors.   In  addition,  it  has  been  validated 
against  actual  performance  data  of  CSU  Solar  House  I. 
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The  third  computer-aided  design  program,  SOLCOST,  developed 
by  the  Martin-Marietta  Corporation,  was  scheduled  to  be  released 
in  1977.  SOLCOST  differs  from  TRNSYS  and  SIMSHAC  in  that  the  user 
does  not  have  any  contact  with  computer  inputs.  The  user  simply 
completes  a  form  that  describes  the  structure,  the  solar  system 
components,  and  the  location,  and  a  pre-processor  provides 
information  required  by  the  computer  design  program.  The  advantage 
is  that  a  person  completely  unfamiliar  with  computing  can  still  make 
use  of  this  automated  design  tool. 

All  three  programs  are  similar  in  their  basic  approach.  The 
details  of  SOLCOST,  TRNSYS,  and  SIMSHAC  can  be  obtained  by  writing 
to  the  developers  of  the  programs. 

The  objective  of  automated  design  tools  is  to  provide  generalized 
solar  energy  system  sizing  and  simulation  programs  which  will  be  readily 
available  and  usable  by  all  segments  of  the  solar  energy  community. 
At  Martin-Marietta,  the  approach  for  achieving  this  objective  consists 
of  expanding  the  Martin  Interactive  Thermal  Analysis  System  (MITAS) 
into  two  solar  programs: 

1.    SOLCOST  -  A  simplified  solar  system  design  method  for  the  non- 
engineer  user.  The  program  computes  an  optimum  collector  area 
and  tilt  angle  from  an  analysis  of  life-cycle  cost  differences 
for  a  solar  system  versus  a  reference  (conventional)  HVAC  system 
If  the  user  needs  a  heating  and/or  cooling  load  calculation, 
SOLCOST  can  compute  it  using  a  generalized  thermal  network 
contained  in  the  program. 
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2.   SOLS IM  -  This  program  performs  system  simulations  for  the  engineering 
user  who  is  familiar  with  thermal  network  methods.  The  plan  is 
to  provide  MITAS  input  decks  for  a  minimum  of  five  typical 
solar  systems.  Starting  with  these  basic  systems,  the  user 
familiar  with  thermal  network  methods  can  readily  modify  the 
input  to  model  his  unique  solar  system. 
SOLCOST  is  discussed  in  this  course  because  it  relates  closely  to 
the  material  that  has  been  presented  in  previous  modules.  Refer  to  the 
SOLCOST  Users  Manual  (supplementary  handout),  prepared  by  the  Martin- 
Marietta  Corporation. 
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INTRODUCTION 

The  oldest  and  simplest  domestic  use  of  solar  energy  is   for  heating 
water.     Solar  hot  water  heaters  were  used  in  the  United  States  at  least 
75  years  ago,   first  in  southern  California  and  later  in  southern  Florida. 
Although  the  use  of  solar  water  heaters   in  these  regions  declined  during 
the  last  40  years,  use  in  Australia,    Israel,   and  Japan  has  risen  rapidly, 
particularly  in  the  last  15  years. 

In  its  simplest  form,  a  solar  water  heater  comprises  a  flat-plate 
water  heating  collector  and  an  insulated  storage  tank  positioned  at  a 
higher  level    than  the  collector.     These  components,  connected  to  the 
cold  water  main  and   the  hot  water  service  piping  in   the  dwelling,   provide 
most  of  the  hot  water  requirements   in  a   sunny  climate.      Nearly  all    of 
the  solar  hot  water  systems   used  in   the  United  States   have  been  of  this 
type. 

OBJECTIVES 

The  objectives  are  to  choose  a  particular  arrangement  suitable  for 
a  given  location,  size  the  system  for  a  given  collector  type  and  hot 
water  requirement,  install  the  system,  and  be  confident  of  satisfactory 
operation.  From  the  contents  of  this  module  the  trainee  should  be  able 
to: 

1.  Identify  the  types  of  domestic  hot  water  systems 
available, 

2.  Select  a  domestic  hot  water  system  for  a  particular 
location  and  application, 

3.  Integrate  a  domestic  hot  water  system  into  a  space 
heating  system, 


19-2 

4.  Install   and  put  into  operation  a  domestic  hot  water  system, 

5.  Maintain  a  domestic  hot  water  system. 

TYPES  AND  CHARACTERISTICS  OF  SOLAR  HOT  WATER  HEATERS 

Most  of  the  solar  water  heaters  that  have  been  experimentally  and 
commercially  used  can  be  placed  in  two  main  groups: 

1.  Circulating  types,   involving  the  supply  of  solar  heat 
to  a  fluid  circulating  through  a  collector  and  storage 
of  hot  water  in  a  separate  tank 

2.  Non-circulating  types,  involving  the  use  of  water 
containers  that  serve  both  as  solar  collector  and 
storage. 

The  circulating  group  may  be  divided  into  the  following  types  and  sub-types 

1.  Direct  heating,   single-fluid  types  in  which  the  water 
is  heated  directly  in  the  collector,   by: 

a.  Thermosiphon  circulation  between  collector  and 
storage 

b.  Pumped  circulation  between  collector  and  storage 

2.  Indirect  heating,  dual-fluid  types  in  which  a  non- 
freezing  medium  is  circulated  through  the  collector 
for  subsequent  heat  exchange  with  water,  when: 

a.  Heat  transfer  medium  is  a  non-freezing  liquid 

b.  Heat  transfer  medium  is  air. 

DIRECT  HEATING,   THERMOSIPHON  CIRCULATING  TYPE 

The  most  common  type  of  solar  water  heater,  used  almost  exclusively  in 
non-freezing  climates,   is  shown  in  Figure  19-1.    The  collector,  usually 
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Figure  19-1 . 


Direct  Heating  Thermosiphon  Circulation  Type  of  Solar 
Water  Heater 


single  glazed,  may  vary  in  size  from  about  30  square  feet  to  80  square 
feet,  whereas  the  insulated  storage  tank  is  commonly  in  the  range  of  40  to 
80  gallons  capacity.  The  hot  water  requirements  of  a  family  of  four 
persons  can  usually  be  met  by  a  system  in  the  middle  of  this  size  range, 
in  a  sunny  climate.  Operation  at  supply  line  pressure  can  be  provided  if 
the  system  is  so  designed.  With  a  float  valve  in  the  storage  tank  or  in 
an  elevated  head  tank,  unpressurized  operation  can  be  utilized  if  the 
system  is  not  designed  for  pressure.  In  the  latter  case,  gravity  flow 
from  the  hot  water  tank  to  hot  water  faucets  would  have  to  be  accepted, 
or  an  automatic  pump  would  have  to  be  provided  in  the  hot  water  line  to 
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supply  pressure  service.  Plumbing  systems  and  fixtures  in  the  United 
States  normally  require  the  pressurized  system. 

Location  of  the  tank  higher  than  the  top  of  the  collector  permits 
circulation  of  water  from  the  bottom  of  the  tank  through  the  collector 
and  back  to  the  top  of  the  tank.  The  density  difference  between  cold 
and  hot  water  produces  the  circulating  flow.  Temperature  stratification 
in  the  storage  tank  permits  operation  of  the  collector  under  most  favorable 
conditions,  water  at  the  lowest  available  temperature  being  supplied  to 
the  collector  and  the  highest  available  temperature  being  provided  to 
service.  Circulation  occurs  only  when  solar  energy  is  being  received,  so 
the  system  is  self-controlling.  The  higher  the  radiation  level,  the 
greater  the  heating  and  the  more  rapid  the  circulating  rate  will  be.  In 
a  typical  collector  under  a  full  sun,  a  temperature  rise  of  15°F  to  20°F 
is  commonly  realized  in  a  single  pass  through  the  collector. 

To  prevent  reserve  circulation  and  cooling  of  stored  water  when  no 
solar  energy  is  being  received,  the  bottom  of  the  tank  should  be  located 
above  the  top  header  of  the  collector.  If  the  collector  is  on' a  house 
roof,  the  tank  may  also  be  on  the  roof  or  in  the  attic  space  beneath  a 
sloping  roof. 

Although  seldom  used  in  cold  climates,  the  thermosiphon  type  of 
solar  water  heater  (storage  tank  above  collector)  can  be  protected  from 
freezing  by  draining  the  collector.  To  avoid  draining  the  storage  tank 
also,  thermostatically  actuated  valves  in  the  lines  between  collector  and 
storage  tank  must  close  when  freezing  threatens,  a  collector  drain  valve 
must  open,  and  a  collector  vent  valve  must  also  open.  The  collector  will 
then  drain, and  air  will  enter  the  collector  tubes.  Water  in  the  storage 
tank,  either  inside  the  heated  space  or  sufficiently  well  insulated  to 
avoid  freezing,  does  not  enter  the  collector  during  the  period  when 
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sub-freezing  temperatures  threaten.  Resumption  of  operation  requires 
closure  of  the  drain  and  vent  valves  and  opening  of  the  valves  in  the 
circulating  line.  The  possibility  of  control  failure  or  valve  malfunction 
makes  this  complex  system  unattractive  in  freezing  climates. 

DIRECT  HEATING,  PUMP  CIRCULATION  TYPES 

If  placement  of  the  storage  tank  above  the  collector  is  inconvenient 
or  impossible,  the  tank  may  be  located  below  the  collector  and  a  small 
pump  used  for  circulating  water  between  collector  and  storage  tank.  This 
arrangement  is  usually  more  practical  than  the  thermosiphon  type  in  the 
United  States,  because  the  collector  would  often  be  located  on  the  roof 
with  a  storage  tank  in  the  basement.  Instead  of  thermosiphon  circulation 
when  the  sun  shines,  a  temperature  sensor  actuates  a  small  pump  which 
circulates  water  through  the  collector-storage  loop.  A  schematic  arrange- 
ment is  shown  in  Figure  19-2.  To  obtain  maximum  utilization  of  solar  energy, 
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Figure  19-2.    Direct  Heating,   Purnp  Circulation  Type  of  Solar  Water  Heater 


19-6 

control  is  based  on  the  difference  in  water  temperature  at  collector 
outlet  and  bottom  of  storage  tank.  Whenever  this  difference  exceeds  a 
preset  number  of  degrees,  say  10°F,  the  pump  motor  is  actuated.  The 
sensor  at  the  collector  outlet  must  be  located  close  enough  to  the  col- 
lector so  that  it  is  affected  by  collector  temperature  even  when  the 
pump  is  not  running.  Similarly,  the  sensor  in  the  storage  tank  should 
be  located  in  or  near  the  bottom  outlet  from  which  the  collector  is 
supplied.  When  the  temperature  difference  falls  below  the  preset  value, 
the  pump  is  shut  off  and  circulation  ceases.  To  prevent  reverse  thermo- 
siphon  circulation  and  consequent  water  cooling  when  no  solar  energy  is 
being  received,  a  check  valve  should  be  located  in  the  circulation  line. 

If  hot  water  use  is  not  sufficient  to  maintain  storage  tank  tempera- 
ture at  normal  levels  (as  during  several  days  of  non-use),  boiling  may 
occur  in  the  collector.  If  a  check  valve  or  pressure-reducing  valve 
prohibits  back  flow  from  the  storage  tank  into  the  main,  a  relief  valve 
must  be  provided  in  the  collector-storage  loop.  The  relief  valve  will 
permit  the  escape  of  steam  and  prevent  damage  to  the  system. 

DIRECT  HEATING,  PUMP  CIRCULATION,  DRAINABLE  TYPES 

If  the  solar  water  heater  described  above  is  used  in  a  cold  climate, 
it  may  be  protected  from  freeze  damage  by  draining  the  collector  when 
sub-freezing  temperatures  are  encountered.  Several  methods  can  be  used. 
Their  common  requirement,  however,  is  reliability,  even  when  electric 
power  may  not  be  available.  One  method  is  shown  in  Figure  19-3. 

Drainage  of  the  collector  in  freezing  weather  can  be  accomplished 
by  automatic  valves  which  provide  water  outflow  to  a  drain  (sewer)  and 
the  inflow  of  air  to  the  collector.  The  control  system  can  be  arranged 
so  that  whenever  the  circulating  pump  is  not  in  operation,  these  two 


19-7 


w5 

* 

Q 

_l 

UJ 

H 

S 

0Q 

§* 

o 

<r 

o 

O 

no 

UJ 
> 

2: 

q: 

CM 

o 

<r 

^ 

o  w 

ro 

CD 

cr 

UJ 

Z  h- 

=5 

< 

0 

3: 

<  < 

yj 
> 
o 

03 

O 

u. 

s: 

1 

z* 

o  , 

_) 
UJ 

o 
O 

1 — 1 
in 

O 
1 — 1 

it 

z 

UJ 

< 

OJ 

— 

UJ 

:> 

r— 

i— <  u_ 

•?■  2 

_J 

00  0 

32 

X 

o 

t 

o 

< 

0  0 

£ 

h- 

H 

h- 

> 

Q.  ^j- 

3 
Q_ 

P 

(J 
UJ 


o 


o 
o 


oj 

c 

'I — 
rO 

s- 

Q 

s_ 
o 

u 

QJ 


O 


+J 
rC 

E 
o 


>1 

C 

o 

•c— 

u 

cu 
+J 

o 

S- 

cu 

N 
OJ 
QJ 
S- 


5- 
QJ 
4-> 

ro 
QJ 

3= 

5- 
QJ 
+-> 

r0 


5- 


o 
CO 


00 
I 

o-> 


=3 


19-8 

valves  are  open.  To  assure  maximum  reliability,  the  valves  should  be 
mechanically  driven  to  the  drain  position  (by  springs  or  other  means), 
rather  than  electrically,  so  that  in  the  event  of  a  power  failure,  the 
collector  can  automatically  drain. 

The  drainage  system  shown  in  Figure  19-3  is  actuated  by  the  tempera- 
ture sensor,  T  ,  in  the  collector.  When  the  sensor  indicates  a  possi- 
bility of  freezing,  it  can  open  the  drainage  and  vent  valves,  thereby 
providing  protection.  The  temperature  sensor  can  be  of  the  vapor 
pressure  type,  with  capillary  tube  connections  to  mechanical  valve 
actuators,  or  of  the  electrical  type  where  the  valves  are  held  open 
by  electrical  means,  automatically  closing  either  when  electrical 
failure  occurs,  or  at  low  temperatures. 

Another  possibility  for  drainage  of  the  collector  is  based  on  use 
of  a  non-pressurized  collector  and  storage  assembly  as  shown  in  Figure 
19-4.  A  float  valve  in  the  storage  tank  controls  the  admission  of  cold 
water  to  the  tank,  and  a  pump  in  the  hot  water  distribution  system  can 
furnish  the  necessary  service  pressure.  With  this  design,  the  solar 
collector  drains  into  the  storage  tank  whenever  the  pump  is  not 
operating,  as  air  enters  the  collector  through  a  vent. 

Start-up  of  any  of  the  vented  collector  systems  must  permit  the 
displacement  of  air  from  the  collector.  In  either  the  line-pressure 
system  or  the  unpressurized  system,  the  entry  of  water  into  the 
collector  (from  the  shut-off  valve  or  pump)  forces  air  from  the 
collector  tubes  as  long  as  the  vent  remains  open.  The  vent  valve 
design  can  be  of  a  type  which  automatically  passes  air  but  shuts  off 
when  water  reaches  it. 
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CIRCULATING  TYPE,  INDIRECT  HEATING 

As  can  be  inferred  from  the  above  discussions  of  needs  and  means  for 
collector  drainage  in  freezing  climates,  costs  and  hazards  are  involved 
with  those  systems.  The  drainage  requirement  can  be  eliminated  by  the 
use  of  a  non-freezing  heat  transfer  medium  in  the  solar  collector,  and  a 
heat  exchanger  (inside  the  building)  for  transfer  of  heat  from  the  solar 
heat  collecting  medium  to  the  service  water.  The  collector  need  never 
be  drained,  and  there  is  no  risk  of  freezing  and  damage.  Corrosion  rate 
in  the  wet  collector  tubes  is  also  decreased  when  intermittent  admission 
of  oxygen  is  not  required. 

Liquid  Transfer  Media 

Figure  19-5  illustrates  a  method  for  solar  water  heating  with  a 
liquid  heat  transfer  medium  in  the  solar  collector.  The  most  commonly 
used  liquid  is  a  solution  of  ethylene  glycol  (which  is  common  automobile 
radiator  antifreeze)  in  water.  A  pump  circulates  this  unpressurized 
solution,  as  in  the  direct  water  heating  system,  and  delivers  the  liquid 
to  and  through  a  liquid-to-liquid  heat  exchanger.  Simultaneously, 
another  pump  circulates  domestic  water  from  the  storage  tank  through 
the  exchanger,  back  to  storage.  The  control  system  is  essentially  the 
same  as  that  in  the  design  employing  water  in  the  collector  directly. 
If  the  heat  exchanger  is  located  below  the  bottom  of  the  storage  tank, 
and  if  the  pipe  sizes  and  heat  exchanger  design  are  adequate,  thermo- 
siphon  circulation  of  water  through  the  heat  exchanger  can  be  used.  A 
small  expansion  tank  needs  to  be  provided  in  the  collector  loop,  pref- 
erably near  the  high  point  of  the  system,  with  a  vent  to  the  atmosphere. 

To  meet  most  code  requirements,  the  heat  exchanger  must  be  of  a 
design  such  that  rupture  or  corrosion  failure  will  not  permit  flow  from 
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Figure  19-5.    Dual    Liquid  Solar  Hot  Water  Heater 


the  collector  loop  into  the  domestic  water,  even  if  pressure  on  the  water 
side  of  the  exchanger  drops  below  that  on  the  antifreeze  side.     A  con- 
ventional   tube-and-shell   exchanger  would  therefore  not  usually  be 
acceptable.     Similarly,  a  coil    inside  the  storage  tank,   through  which 
the  collector  fluid  is  circulated,  would  not  be  satisfactory.     Parallel 
tubes  with  metal   bonds  between  them,  so  that  perforation  of  one  tube 
could  not  result  in  liquid  entry  into  the  other  tube,  would  be  a  suitable 
design.     A  finned  tube  air-to-liquid  heat  exchanger  could  also  be  used  by 
circulating  the  two  liquids  through  alternate  rows  of  tubes,  heat  transfer 
being  by  conduction  through  the  fins. 

Although  aqueous  solutions  of  ethylene  glycol   and  propylene  glycol 
appear  to  be  most  practical   for  solar  energy  collection,  organic  liquids 
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such  as  Dowtherm  J  and  Therminol  55  may  be  employed.  Price  and  viscosity 
are  drawbacks,  but  chemical  stability  and  assurance  against  boiling  are 
advantages  over  the  antifreeze  mixtures. 
Solar  Collection  in  Heated  Air 

In  a  manner  similar  to  that  described  immediately  above,  solar  energy 
can  be  employed  in  an  air  heating  collector  with  subsequent  transfer  to 
domestic  water  in  an  air-to-water  heat  exchanger.  Figurel9-6  illustrates 
a  method  for  employing  this  concept.  A  solar  air  heater  is  supplied  with 
air  from  a  blower,  the  air  is  heated  by  passage  through  the  collector, 
and  the  hot  air  is  then  cooled  in  the  heat  exchanger  through  which  domestic 
water  from  a  storage  tank  is  either  being  pumped  or  is  circulating  by 
thermosiphon  action.  Air  from  the  heat  exchanger  is  recirculated  to  the 
collector.  Differential  temperature  control  (between  collector  and  stor- 
age) is  employed  as  in  the  other  systems  described.  Advantages  of  the  air 
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heat  transfer  medium  are  the  absence  of  corrosion  in  the  collector  loop, 
freedom  from  liquid  leakage,  and  freedom  from  boiling  and  loss  of  collec- 
tor fluid.  Disadvantages  are  the  larger  conduit  between  collector  and 
heat  exchanger,  higher  power  consumption  for  circulation,  and  slightly 
larger  collector  surface  requirements. 

NON-CIRCULATING  TYPE 

Although  probably  of  little  potential    interest  in  the  United  States, 
a  type  of  solar  water  heater  extensively  used  in  Japan  involves  heat 
collection  and  water  storage  in  the  same  unit.     The  most  common  type 
comprises  a  set  of  black  plastic  tubes  about  six  inches  in  diameter  and 
several    feet  long  in  a  glass-covered  box.     Usually  mounted  in  a  tilted 
position,   the  tubes  are  filled  each  morning  with    water  in  which 
solar  heat  is  collected  throughout  the  day.     The  filling  can  be  accom- 
plished by  a  float-controlled  valve  and  a  small    supply  tank.     Late  in 
the  day,     heated  water  can  be  drained  from  the  tubes  for  household  use. 
In  typical   Japanese  installations,  non-pressurized  hot  water  service  is 
thus  provided.     Heat  loss  from  the  system  is  sufficiently  high  at  night 
that  hot  water  is  usually  not  available  until   several   hours  after  sunrise 

AUXILIARY  HEAT 

A  dependable  supply  of  hot  water  requires  the  availability  of 
auxiliary  heat  for  supplementing  the  solar  source.  The  numerous  methods 
of  providing  auxiliary  heat  vary  in  cost  and  effectiveness.  A  general 
principle  for  maximizing  solar  supply  and  minimizing  auxiliary  use  is 
the  avoidance  of  direct  or  indirect  auxiliary  heat  input  to  the  fluid 
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entering  the  solar  collector.  If  auxiliary  heat  is  added  to  the  solar 
hot  water  storage  tank,  so  that  the  temperature  of  the  liquid  supplied 
to  the  collector  is  increased  above  that  which  only  the  solar  system 
would  provide,  efficiency  is  reduced  because  of  higher  heat  losses  from 
the  collector.  Thus,  auxiliary  heat  should  be  added  at  a  point  beyond 
(downstream  from)  the  solar  collector-storage  system.  Figures  1 9-3  and  1 9-4 
show  a  conventional  gas-fired  hot  water  heater  being  supplied  with  hot 
water  from  the  solar  tank  (whenever  a  hot  water  tap  is  opened).  Any 
deficiency  in  temperature  is  made  up  by  fuel  in  the  thermostatted  conven- 
tional heater.  Alternatively,  a  "fast  response",  in-line  heater  can  be 
employed.  It  is  evident  that  auxiliary  heat  supply  in  these  designs 
cannot  adversely  affect  the  operation  of  the  solar  system. 

Another  way  in  which  auxiliary  heat  can  be  used  without  reducing  solar 
collection  efficiency  is  by  electric  resistance  heaters  in  the  upper  portion 
of  the  solar  storage  tank,  as  shown  in  Figure  19-2.  Temperature  stratifica- 
tion in  the  tank,  accomplished  by  bringing  cold  water  from  the  main  into 
the  bottom  and  by  circulating  through  the  collector  from  the  bottom  of  the 
tank  to  the  upper  portion  of  the  tank,  thereby  prevents  auxiliary  heat 
from  increasing  the  temperature  of  the  water  supplied  to  the  collector. 
Water  returning  from  the  collector  may  be  brought  into  the  tank  well  below 
the  level  of  the  resistance  heater  (as  shown  by  the  dashed  line),  so  that 
the  hot  supply  is  always  available  at  the  thermostatted  temperature.  In 
effect,  the  two  tanks  shown  in  Figures  19-3  and  19-4  are  combined  into  one, 
with  temperature  stratification  providing  a  separation.  The  total  amount 
of  storage  is,  of  course,  reduced  unless  the  one  tank  is  increased  in  size. 
If  relatively  high  temperature  water  is  desired,  there  may  be  an  undesir- 
able influence  of  auxiliary  supply  on  collector  efficiency  because  of  some 
mixing  in  the  tank. 
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Although  the  description  of  the  above  systems  refers  to  direct 
circulation  of  water  through  the  collector,  the  same  factors  apply  to 
the  systems  involving  heat  exchange  with  antifreeze  solutions  or  air 
circulating  through  the  collector.  In  all  cases,  auxiliary  heat  should 
be  supplied  downstream  from  the  solar  storage  tank,  regardless  of  whether 
the  water  itself  is  circulated  through  the  collector  or  whether  heat  is 
exchanged  between  the  domestic  water  and  a  solar  heat  transfer  fluid. 

LOCATION  OF  COLLECTORS 

If  the  slope  and  orientation  of  a  roof  is  suitable,  the  most  econom- 
ical location  for  a  solar  collector  in  a  residential  water  heating  system 
is  on  the  south-facing  portion  of  the  roof.  The  cost  of  a  structure  to 
support  the  collector  is  thereby  eliminated,  and  pipe  or  duct  connections 
to  the  conventional  hot  water  system  are  usually  convenient.  In  new 
dwellings,  most  installations  can  be  expected  on  the  house  roof.  Even 
in  retrofitting  existing  dwellings  with  solar  water  heaters,  a  suitable 
roof  location  can  usually  be  provided. 

If  the  mounting  of  collectors  on  the  roof  is  impractical,  for  any  of 
several  reasons,  a  separate  structure  adjacent  to  the  house  may  be  used. 
A  sloping  platform  supported  on  a  suitable  foundation  can  be  the  base  for 
the  collector.  Pumps,  storage  tank,  and  heat  exchanger,  if  used,  can  be 
located  inside  the  dwelling.  Effective  insulation  on  ducts  and  piping 
must  be  provided,  however,  so  that  cold  weather  operation  will  not  be 
handicapped  by  excessive  heat  losses.  In  cold  climates,  collectors  in 
which  water  is  directly  heated  must  be  located  so  that  drainage  of  the 
collector  and  exterior  piping  can  be  dependably  and  effectively  accomplished 
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TEMPERATURE  STRATIFICATION   IN  SOLAR  HOT  WATER  TANK 

As  in  a  conventional   hot  water  heater,   the  temperature  in  the  upper 
part  of  a  solar  hot  water  tank  will   normally  be  considerably  higher  than 
at  the  bottom.     The  lower  density  of  hot  water  permits  this  stratification, 
provided  that  turbulence  at  inlet  and  outlet  connections  is  not  excessive. 
The  supply  of  relatively  cold  water  from  the  bottom  of  the  tank  to  the 
collector  permits  the  collector  to  operate  at  its  highest  possible  effi- 
ciency under  the  prevailing  ambient  conditions.     With  a  circulation  rate 
such  that  a  temperature  rise  through  the  collector  of  15°F  to  20°F  occurs, 
the  lower  part  of  the  storage  tank  is  furnished  to  the  collector  for 
maximum  effectiveness.     If  not  much  hot  water  is  withdrawn  from  the  tank 
during  a  sunny  day,   the  late  afternoon  temperature  at  the  bottom  of  an 
80  gallon  tank  connected  to  a  40-to-50-square-foot  collector  may  be  well 
above  100°F  --  even  approaching  the  temperature  in  the  top  of  the  tank. 
Collection  efficiency  thus  varies  throughout  the  day,  depending  not  only 
on  solar  availability  but  also  on  the  temperature  of  water  supplied  to  the 
collector  from  the  tank  bottom. 

TEMPERATURE  CONTROL  LIMIT 

In  addition  to  the  differential    temperature  control   desirable  in  most 
solar  water  heating  systems   (which  sense  temperature  difference  between 
collector  and   storage),   protection  against  excessive  water  temperature 
may  be  necessary.     Several    possible  methods  can  be  used.     In  nearly  all 
types  of  systems,  whether  direct  heating  of  the  potable  water  or  indirect 
heating  through  a  heat  exchanger,  a  thermostatically  controlled  mixing 
valve  can  be  used  to  provide  constant  temperature  water  for  household  use. 
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Figure  19-7  illustrates  one  method  by  which  this  type  of  temperature 
control  can  be  accomplished.  Cold  water  is  admitted  to  the  hot  water 
line  immediately  downstream  from  the  auxiliary  heater  in  sufficient 
proportion  to  secure  the  desired  preset  temperature.  The  solar  hot 
water  tank  is  allowed  to  reach  any  temperature  attainable,  and  the 
auxiliary  heater  furnishes  additional  energy  only  when  the  auxiliary 
tank  temperature  drops  below  the  thermostat  set  point.  Maximum  solar 
heat  delivery  is  thus  achieved,  and  no  solar  heat  needs  to  be  discarded 
except  that  which  might  sometimes  be  delivered  when  the  main  storage 
(preheat)  tank  is  at  the  boiling  point.  Any  additional  solar  heat  col- 
lected under  that  condition  would  be  dumped  through  a  pressure  relief 
valve,  steam  escaping  to  the  surroundings.  Figure  19-5  shows  an  optional 
second  mixing  valve  for  control  of  delivery  temperature  by  admitting 
regulated  amounts  of  solar  heated  water  into  the  flow  from  the  auxiliary 
heater. 
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Figure  19-7.  Direct  Solar  Water  Heating  with  Mixing  Valve 
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A  steam  vent  from  the  solar  hot  water  system  involving  a  dual    liquid 
design,  with  heat  exchange,   should  normally  be  in  the  hot  water  loop 
rather  than  the  collector  loop.     Loss  of  collector  fluid  by  vaporization 
is  thereby  avoided.     It  is  necessary,  however,   in  this  design,  that  the 
collector  tubes  and  associated  piping  be  capable  of  withstanding  pressure 
at  least  as  high  as  developed  when  the  steam  vent  valve  in  the  storage 
loop  is  actuated.     If,  for  example,  the  blow-off  valve  in  the  storage 
circuit  is  set  for  50  psi,  and  if  the  collector  loop  containing  50  per- 
cent ethylene  glycol   normally  operates  at  a  temperature  20°F  above  the 
storage  tank  temperature,  pressure  in  the  collector  loop  would  also  be 
about  50  psi  when  the  storage  tank  vent  is  actuated.     (Approximate 
equality  of  pressure  is  due  to  similarity  between  boiling  point  elevation 
and  temperature  difference  in  the  heat  exchanger.) 

An  alternative  to  the  high  pressure  collector  capability  described 
above  is  available  in  the  form  of  an  organic  heat  transfer  fluid  having 
a  high  boiling  point.     Downtherm  J  or  Therminol   55  have  boiling  points 
above  300°F,  so  if  one  of  these  fluids  is  used,   the  development  of 
pressure  in  the  collector  loop  would  not  occur,  even  when  the  storage 
system  is  venting  steam  at  50  psi.     This  option  appears  considerably  more 
practical    than  the  pressurized  collector  required  with  aqueous  systems 
if  the  dual-liquid  design  is  utilized. 

Still   another  option  for  high-temperature  protection  is  available  if 
the  collector  is  used  as  a  heater  for  a  high-boiling  organic  liquid  or 
for  air.     To  prevent  the  storage  tank  from  reaching  a  temperature  higher 
than  desired,  a  limiting  thermostat  in  that  tank  can  be  used  simply  to 
discontinue  circulation  of  the  heat  transfer  fluid  (organic  liquid  or  air) 
through  the  collector  and  heat  exchanger.     No  additional    heat  is, therefore, 
dissipated  in  the  form  of  collector  heat  loss.     The  collector  temperature 
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rises  substantially,  frequently  above  300°F,  but  if  properly  designed, 
the  collector  suffers  no  damage.  This  system  is  probably  the  safest  and 
most  dependable  of  those  herein  described.  With  a  reliable  limit  switch 
in  the  storage  tank,  there  can  be  no  dangerous  pressure  developments 
anywhere  in  the  system.  In  addition,  there  is  no  loss  of  water  (in  the 
form  of  steam)  even  when  there  is  no  use  of  hot  water  for  long  periods. 

If  the  hot  water/cold  water  mixing  valve  downstream  from  the 
auxiliary  heater  is  not  used,  a  temperature  limit  control  in  the  solar 
storage  tank  can  be  set  at  the  maximum  desired  temperature  of  service  hot 
water.  Water,  therefore,cannot  be  delivered  at  any  temperature  higher 
than  the  set  point  in  the  solar  storage  tank  or  the  set  point  in  the 
auxiliary  heater,  whichever  is  higher.  Less  solar  storage  capability 
would  be  involved  in  this  design,  however,  because  the  solar  storage 
tank  is  prevented  from  achieving  higher  temperatures,  even  when  solar 
energy  is  available. 

In  a  direct  type  of  solar  water  heater  operating  at  service  pressure, 
with  potable  water  circulating  through  the  collector,  a  venting  valve  is 
provided  near  the  top  of  the  collector.  It  would  have  to  be  set  for 
release  at  a  pressure  several  pounds  higher  than  the  maximum  in  the  ser- 
vice supply,  so  the  collector  storage  system  must  withstand  pressure 
usually  above  50  psi .  Occasional  water  loss  through  venting  of  steam 
would  be  expected. 

If  a  non-pressurized  direct  type  of  solar  water  heater  is  used,  with 
a  float  valve  in  the  storage  tank,  the  pressure  relief  valve  can  be  set 
to  operate  at  a  pressure  only  slightly  above  atmospheric.  Alternatively, 
the  collector  or  storage  tank  may  be  continuously  vented.  Oversupply  or 
under-use  of  solar  heated  water  results  in  boiling  and  venting  of  the 
storage  tank. 
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PERFORMANCE  OF  TYPICAL  SYSTEMS 

GENERAL  REQUIREMENTS 

A  typical   family  of  four  persons  requires,   in  the  United  States, 
about  80  gallons  of  hot  water  per  day.     At  a  customary  supply  temperature 
of  about  140°F,   the  amount  of  heat  required  if  the  cold  inlet  is  at  60°F 
is  about  50,000  Btu  per  day. 

There  is  a  wide  variation  in  the  solar  availability  from  region  to 
region  and  from  season  to  season  in  a  particular  location.     There  are 
also  the  short-term  radiation  fluctuations  due  to  cloudiness  and  the 
day-night  cycle. 

Seasonal   variations  in  solar  availability  result  in  a  200  to  400  per- 
cent difference  in  the  solar  heat  supply  to  a  hot  water  system.     In  the 
winter,  for  example,  an  average  recovery  of  40  percent  of  1200  Btu  of 
solar  energy  per  square  foot  of  sloping  surface  would  require  approximately 
100  square  feet  of  collector  for  the  50,000  Btu  average  daily  requirement. 
Such  a  design  would  provide  essentially  all   of  the  hot  water  needs  on  an 
average  winter  day,   but  would  fall    short  on  days  of  less  than  average 
sunshine.     By  contrast,  a  50-percent  recovery  of  an  average  summer  radiant 
supply  of  2000  Btu  per  square  foot  would  involve  the  need  for  only  50 
square  feet  of  collector  for  satisfying  the  average  hot  water  requirements. 

It  is  evident  that  if  a  50-square-foot  collector  were  installed,   it 
could  supply  the  major  part,   perhaps  nearly  all,  of  the  summer  hot  water 
requirements,  but  it  could  supply  less  than  half  the  winter  needs.     If, 
on  the  other  hand,  a  100-square-foot  collector  were  employed  in  order 
that  winter  needs  could  be  more  nearly  met,   the  system  would  be  oversized 
for  summer  operation  and  excess  solar  heat  would  have  to  be  wasted.     In 
such  circumstances,   if  an  aqueous  collection  medium  were  used,   boiling  of 
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the  system  would  occur  and  collector  or  storage  venting  of  steam  would 
have  to  be  provided. 

The  more  important  disadvantage  of  the  oversized  collector  (for 
summer  operation)   is  the  economic  penalty  associated  with  investment 
in  a  collector  which  is  not  fully  utilized.     Although  the  cost  of  the 
100- square-foot  collector  would  be  approximately  double  that  of  the  50- 
square-foot  unit,   its  annual   useful   heat  delivery  would  be  considerably 
less  than  double.     It  would,  of  course,  deliver  about  twice  as  much 
heat  in  the  winter  season,  when  nearly  all   of  it  could  be  used,  but 
in  the  other  seasons,   particularly  in  summer,  heat  overflow  would  occur. 
The  net  effect  of  these  factors  is  a  lower  economic  return,  per  unit  of 
investment,  by  the  larger  system.     Stated  another  way,  more  Btu  per 
dollar  of  investment  (hence  cheaper  solar  heat)  can  be  delivered  by  the 
smaller  system. 

As  a  conclusion  to  the  above  example,   practical   design  of  solar 
water  heaters  should  be  based  on  desired  hot  water  output  in  the  sunniest 
months  rather  than  at  some  other  time  of  year.     If  based  on  average  daily 
radiation  in  the  sunniest  months,   the  unit  will   be  slightly  oversized 
and  a  small   amount  of  heat  will   be  wasted  on  days  of  maximum  solar  input. 
And  quite  naturally,  on  partly  cloudy  days  during  the  season,   some 
auxiliary  heat  must  be  provided.     In  the  month  of  lowest  average  solar 
energy  delivery,   typically  one-half  to  one-third  as  much  solar  heated 
water  can  be  supplied,  or  actually  the  same  quantity  of  water  but  with  a 
temperature  increase  above  inlet  only  one-half  to  one-third  as  high. 
Thus,  fuel   requirements  for  increasing  the  temperature  of  solar  heated 
water  to  the  desired  (thermostatted)  level   could  involve  one-half  to 
two- thirds  of  the  total   energy  needed  for  hot  water  heating  in  a  mid- 
winter month. 
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QUANTITATIVE  PERFORMANCE 

Although  hundreds  of  thousands  of  solar  water  heaters  have  been  used 
in  the  United  States  and  abroad,  quantitative  performance  data  are  extremely 
limited.  In  households  where  no  auxiliary  heat  was  used,  the  solar  system 
probably  supplied  hot  water  most  of  the  time,  but  failed  during  bad  weather. 
If  booster  heat  was  used,  hot  water  was  always  available,  but  the  relative 
contributions  of  solar  and  auxiliary  were  seldom  measured. 

In  a  few  research  laboratories,  particularly  in  Australia,  some  ana- 
lytical studies  of  solar  water  heater  performance,  confirmed  in  part  by 
experimental  measurements,  have  been  performed.  More  recently,  analytical 
studies  at  the  University  of  Wisconsin  have  been  carried  out.  Table  19-1, 
based  on  an  Australian  study,  shows  the  performance  of  a  double-glazed, 
45-square-foot  solar  water  heater  in  several  regions  of  the  country. 
Variable  solar  energy  and  ambient  temperature  throughout  the  year  result 
in  1.4  to  2.5  times  as  much  solar  heat  supply  to  water  in  summer  than  in 
winter.  Climatic  differences  produced  a  solar  heat  percentage  ranging 
from  60  percent  to  81  percent  of  the  annual  total  hot  water  requirements. 
Table  19-2  shows  monthly  performance  of  the  same  system,  in  Melbourne, 
Australia,  with  average  collection  efficiency  varying  between  29  and  40 
percent  of  incident  radiation.  Variation  in  inlet,  outlet,  and  ambient 
temperature  in  a  typical  thermosiphon  type  of  solar  water  heater  is  shown 
in  Figure  19-8. 

In  a  simulation  study  at  the  University  of  Wisconsin,  hot  water 
usage  was  programmed  for  a  hypothetical  residential  user.  The  results 
show  only  slight  variation  in  solar  heat  utilization  at  several  use 
schedules  and  indicate  only  minor  influence  of  storage  temperature 
stratification  on  collector  efficiency. 
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Table  19-2 
Solar  Water  Heater  Performance   in  Melbourne,  Australia 


Month 

Mean 
Insol ation 
on  Absorber 

Mean  Daily 
Supplementary 
Energy 

Mean  Daily 
Solar  Energy 
Contribution 

System 
Efficiency 

Btu/ft2  day 

kWh 

Percent 

kWh 

Percent 

January 

1630 

2.9 

75 

8.9 

40 

February 

2220 

0.5 

95 

9.5 

32 

March 

1690 

2.6 

74 

7.4 

33 

April 

1240 

5.2 

52 

5.6 

34 

May 

1290 

6.2 

47 

5.5 

32 

June 

1220 

7.7 

39 

4.9 

30 

July 

1290 

8.1 

38 

5.0 

29 

August 

1530 

6.1 

50 

6.1 

30 

September 

1600 

4.9 

59 

7.1 

33 

October 

1860 

3.9 

67 

7.9 

32 

November 

1880 

3.7 

68 

7.9 

32 

December 

1790 

3.5 

72 

9.0 

38 

Year 

1610 

4.6 

61 

7.2 

35 
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Figure  19-8.  Absorber  and  Tank  Temperatures  for  Thermosiphon  Flow 
During  a  Typical  Day 


In  summary,  the  normal  output  of  well -designed  solar  water  heating 
systems  can  be  roughly  estimated  by  assuming  approximately  40  percent  solar 
collection  efficiency.  Average  monthly  solar  radiation  multiplied  by  col- 
lector area  and  40  percent  delivery  efficiency  can  provide  a  rough  measure 
of  daily  or  monthly  Btu  delivery.  The  total  Btu  requirements  for  the  hot 
water  supply,  based  on  the  volume  used  and  the  temperature  increase  set, 
then  serve  the  basis  for  computation  of  percentage  contribution  from  solar 
and  the  portion  required  to  be  supplied  by  fuel  or  electricity. 
Sizing  the  Collectors 

The  curves  shown  in  Figurel9-9  may  be  used  to  estimate  the  solar  col- 
lector size  required  for  hot  water  service  in  residential  buildings  having 
typical  hot  water  systems.  The  system  is  assumed  to  be  pumped  liquid  type, 
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with  liquid-to-liquid  heat  exchange,  delivering  hot  water  to  scheduled 
residential  uses  from  6:00  a.m.  until  midnight.  The  shaded  band  represents 
results  of  computer  calculations  for  eleven  different  locations  in  the 
United  States.  The  cities  included  in  the  study  are  Boulder,  Colorado; 
Albuquerque,  New  Mexico;  Madison,  Wisconsin;  Boston,  Massachusetts;  Oak 
Ridge,  Tennessee;  Albany,  New  York;  Manhattan,  Kansas;  Gainesville,  Florida: 
Santa  Maria,  California;  St.  Cloud,  Minnesota;  and  Washington,  D.C. 
The  hot  water  loads  used  in  the  computations  range  from  50  gallons  per 
day  (gpd)  to  2000  gpd.  The  sizing  curves  are  approximate  and  should 
not  be  expected  to  yield  results  closer  than  10  percent  of  actual  value. 


0.2      0.4      0.6      0.8        1.0       1.2       1.4       1.6       1.8      2.0 


HjA/L 


Figurel9-9.     Fraction  of  Annual    Load  Supplied  by  Solar  as  a   Function 
of  January  Conditions  for  Hot  Water  Heaters 
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The  vertical  axis  shows  the  fraction  of  the  annual  water  heating 
load  supplied  by  solar.  The  horizontal  axis  shows  values  of  the  para- 
meters, H-A/L,  which  involves  the  average  daily  January  radiation  on  a 
horizontal  surface,  H-;  the  required  collector  area,  A,  to  supply  a 
certain  percentage  of  the  daily  hot  water  load,  L.  The  January  average 
daily  total  radiation  at  locations  in  the  United  States  can  be  estimated 
from  the  radiation  map  in  Figure  19-10.  Values  on  the  map  are  given  in 
Btu/(ft2)(day) .  The  curves  are  not  applicable  for  values  of  f  greater 
than  0.9. 

It  should  be  remembered  that  the  service  hot  water  load  will  be 
nearly  constant  throughout  the  year  while  the  solar  energy  collected  will 
vary  from  season  to  season.  A  system  sized  for  January,  with  collectors 
tilted  at  the  latitude  angle,  will  deliver  high  temperature  water  and  may 
even  cause  boiling  in  the  summer.  On  the  other  hand,  a  system  sized  to 
meet  the  load  in  July  will  not  provide  all  of  the  load  in  the  winter 
months.  Orientation  of  the  collector  can  partially  overcome  month-to- 
month  fluctuations  in  radiation  and  temperature. 

Sizing  Examples 

Example  19-1 .  Determine  the  approximate  size  of  collector  needed  to 

provide  hot  water  for  a  family  of  four  in  a  residential  building  in 

Kansas  City,  Missouri. 

Solution:  The  average  daily  service  hot  water  load  in 

January  is: 

L  =  80  gallons/day  x  8.34  pounds/gallon  x  1  Btu/(lb)(°F) 

x  (140°F  -  50°F)  =  60,048  Btu/day 

The  desired  service  water  temperature  is  140°F  and  the  temperature  of  the 

cold  water  from  the  main  is  50°F.  The  total  average  solar  radiation,  H-, 

j 
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available  in  January,   from  Figure  19-10,  is  680  Btu  per  square  foot  per 
day.     For  a  water  system  to  provide  60  percent  of  the  annual   load,  from 
Figure   19-9,  H-A/L  is  about  0.8.     Therefore: 

A  =  0.8  x  L/H.   =   (0.8  x  60048)/680  =  70.6   square  feet. 

If  3-by-8-foot  collector  modules  are  available,  2.9  units  would  be 
required.     Three  collector  units  should  therefore  be  used. 

Example  19-2.     Determine  the  size  of  collector  needed  to  provide  hot 
water  for  a  family  of  four  in  Albuquerque,  New  Mexico. 

Solution:     The  monthly  load  will   be  approximately  the  same 
as  in  Example  19-1 : 
L  =  60,048  Btu 
From  Figurel9-10,  H.  =  1115  Btu/(ft2)(day) .     For  a  system  to 
provide  60  percent  of  the  annual    load,   Figure  19-9  shows  that 
R-A/L  is  approximately  0.8.     The  collector  area  required  is: 

A  =   (0.8   x  60048)/1115  =  41.8 

Using  3-by-6-foot  collector  modules,  2.3  units  would  be  required  for  this 
system,  either   two  or  three  modules   should  be  used.     If  two  modules  are 
used,  the  system  would  be  expected  to  provide  less  than  60  percent  of  the 
annual   load. 

COSTS 

The  cost  of  installing  a  solar  water  heater  (exclusive  of  the  hard- 
ware) may  range  from  about  $300  for  a  system  with  a  roof-mounted  collector 
to  over  $1000  for  a  collector  mounted  on  a  stand  adjacent  to  a  house.     In 
a  recent  procurement  of  several   types  of  solar  water  heaters  for  ground 
mounting  next  to  existing  houses,  an  electric  utility  company  spent  $1500 
to  $2000  for  each  system,   including  hardware,  and  totally  installed. 
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Non-freezing  collectors  of  about  50  square  feet,  80-gallon  water  tanks, 
pumps,  fans,  and  controls  were  included. 

A  solar  collector  manufacturer  has  announced  the  availability  of  a 
solar  water  heater  "package"  having  a  retail    price  of  $995.     The  package 
consists  of  a  40-square-foot  drainable  collector,  an  80-gallon  storage 
tank,   pumps,  and  controls.     Installation  and  hook-up  to  the  conventional 
system     are  not  included. 

As  designs  are  standardized  and  manufacturing  volume  increases,  it 
may  be  anticipated  that  the  total    installed  cost  of  an  average-sized 
residential    solar  water  heating  system  will    be  less  than  $1000.     Assuming 
a  collector  area  of  about  50  square  feet  and  a  reasonably  sunny  climate, 
this  unit  should  be  able  to  deliver  at  least  250,000  Btu  per  square  foot 
of  collector  per  year,   for  a  total   of  12.5  million  Btu  annually.     With  an 
average  daily  requirement  for  50,000  Btu  of  heat  for  hot  water,   the  18 
million  Btu  annually  required  could  be  two-thirds  solar.     If  electric  heat 
at  five  cents  per  kilowatt-hour  (about  $14  per  million  Btu)   is  being 
replaced,  an  annual   electric  saving  of  about  $175  is  achieved.     A  $1000 
solar  water  heater  could  thus  pay  for  itself  from  electric  savings  in 
about  six  years.     Or,   if  conventionally  financed  at  8-percent  interest, 
an  annual   cost  of  interest  plus  principal  of,  say,  12  percent,  or  $120  per 
year,  would  be  less  than  the  electric  savings  by  something  over  $50  per 
year.     This  favorable  economic  comparison  for  solar  water  heaters  is 
applicable  now  in  many  parts  of  the  country  and  should  prevail   very 
generally  in  the  next  few  years. 
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20-1 
TRAINEE  OBJECTIVE 

The  objective  of  this  module  is  to  bring  together  the  design  procedures 
that  have  been  presented  during  the  previous  sessions  and  integrate  them 
into  a  complete  design.  At  the  end  of  this  module  the  trainee  should  be 
able  to  design  both  air  and  water  systems. 

THE  PROBLEM 

The  problem  to  be  considered  is  the  design  of  a  solar  system  to 
provide  space  heating  and  service  hot  water  for  a  residence  to  be  located 
near  Boulder,  Colorado.  The  house  is  characterized  by  UA  =  900  Btu/hr-  F 
and  the  service  hot  water  load  is  80  gallons  per  day  to  be  raised  from 
52  °F  to  140  F.  A  liquid  system  is  to  be  considered.  The  collector 
parameters  are  FR  toT  =  0.66,  FRU  =  0.77  Btu/hr-ft  -°F. 

DESIGN  PROCEDURE 

The  design  procedure  was  outlined  in  Module  4.  However,  we  wish  to 
consider  an  additional  step  in  the  design  process.  That  is,  we  want  to 
determine  the  optimal  mix  of  solar  and  energy  conservation  measures. 
Assume  the  following  conditions:  the  cost  for  auxiliary  fuel  is 
$12  per  million  Btu  and  it  is  expected  to  increase  at  10  percent 

per  year;  mortgage  is  for  20  years  at  an  interest  rate  of  9  percent;  the 

2 
collector  area-dependent  system  costs  are  to  be  $16/ft  ,  and  the  system 

fixed  costs  are  $5000.  Finally,  assume  that  we  can  reduce  the  building 

UA  in  increments  of  100  Btu/hr-°F  according  to  the  following  cost  schedule: 
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UA  Reduction  Btu/hr-°F  Cost  in  $ 


900  to  800  $1000 

800  to  700  1500 

700  to  600  2000 

600  to  500  2500 

500  to  400  3000 

The  f-chart  program  was  used  to  determine  the  economical  investment 
that  should  be  made  for  energy  conservation  in  combination  with  the 
solar  system.  The  objective  was  to  minimize  the  present  worth  of  the 
yearly  total  costs  with  the  solar  system  and  energy-conservation  measures. 
The  results  from  the  first  computation  with  no  investment  in  energy 
conservation  are  shown  in  Table  20-1.  From  this  table  we  see  that  the 
optimized  collector  area  is  951  ft,  the  solar  system  will  provide  77.3 
percent  of  the  annual  load,  and  the  present  worth  of  the  yearly  total 
costs  with  and  without  solar  are  $39,446  and  $53,438  respectively. 

The  effect  of  decreasing  UA  by  100  Btu/hr •  F  may  be  determined  by 

adding  $1000  to  the  system  fixed  costs  and  repeating  the  analysis. 

2 
This  results  in  an  optimized  collector  area  of  855  ft  t   providing  77.4 

percent  of  the  annual  load,  and  present  worth  values  of  $37,495  and  $53,932 

with  and  without  the  solar  system  respectively.  We  see  from  these  results 

that  it  is  economically  advantageous  to  invest  $1000  in  energy-conservation 

measures  to  decrease  the  building  UA  from  900  to  800  Btu/hr-°F.  Therefore, 

we  should  consider  a  further  reduction  in  UA:  with  an  additional  cost  of 

$1500  to  achieve  a  further  reduction  by  100  Btu/hr-  F,  the  optimized  area 

is  761  ft ^  which  provides  77.6  percent  of  the  annual  load,  and  results  in 

present  worth  factors  of  $36,135  and  $49,927.  From  these  results  it  is 
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Table  20-1.     f-Chart  Analysis 
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apparent  that  a  further  reduction  in  UA  is  in  order.  A  reduced  UA  of 
600  Btu/hr-°F  resulted  in  an  optimized  area  of  668  ft  ,  providing 
78  percent  of  the  annual  load,  and  present  worth  factors  of  $35,365  and 
$46,421.  Because  the  present  worth  with  the  solar  system  is  still 
decreasing,  additional  reduction  in  UA  of  100,Btu/hr-  F,  for  an  additional 
cost  of  $2500, was  considered.  The  analysis  resulted  in  an  optimized 
collector  area  of  586  ft2,  providing  79  percent  of  the  annual  load,  and 
present  worth  factors  of  $35,192  and  $43,416.  Finally,  a  further  reduction 

in  UA  of  100  Btu/hr-°F  at  an  increase  in  cost  of  $3000  resulted  in  an 

2 

optimized  collector  area  of  515  ft  s  providing  80.9  percent  of  the  annual 

load  and  present  worth  factors  of  $35,638  and  $40,911. 

Although  the  present  worth  of  yearly  total  costs  without  solar 
is  still  decreasing,  the  system  with  solar  is  still  less  expensive  than 
the  system  without  solar.  Therefore  it  is  clear  that  the  building  should 
include  energy-conservation  measures  at  a  total  cost  of  $7000  and  consider 
a  solar  system  with  optimal  collector  area  of  586  ft2.  The  results  of 
the  analysis  are  summarized  in  Table  20-2. 

Assuming  the  collector  flow  rate  to  be  0.02  gal /mi n  per  square  foot 
of  collector,  the  flow  rate  through  the  collectors  should  be  about 
12  gallons  per  minute.  The  pressure  drop  through  the  collectors, 
lines,  fittings,  and  heat  exchanger  must  now  be  calculated  in  order  to 
size  the  pump.  These  calculations  may  be  performed  by  reference  to 
Figures  16-1  and  16-2  (for  the  system  schematic),  to  Figures  16-4  and 
16-5  (to  calculate  pressure  drops  in  lines  and  fittings),  to  Figures  16-6 
through  16-9  (to  determine  pressure  drop  in  the  collector-storage  heat 
exchanger),  and  to  Figure  16-10  (or  equivalent,  to  select  the  pump). 
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Table  20-2.  Summary  of  Economic  Analysis 


UA    ? 
Btu/hr-ftr 

Investment  in 

Energy  Conservation 

Measures,  $ 

Solar 
Collector 

Area  ft2 

Percent  of 
Annual  Load 
Supplied  by 
Solar 

Present  Worth 

With    Without 
Solar    Solar 

$       $ 

900 
800 
700 
600 
500 
400 

0 
1000 
2500 
4500 
7000 
10000 

951 
855 
761 
668 
586 
515 

77.3 
77.4 
77.6 
78.0 
79.0 
80.9 

39,446    58,438 
37,495    53,932 
36,135    49,927 
35,365    46,421 
35,192    43,416 
35,638    40,911 
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AIR  SYSTEM 


Suppose  that  an  air  system  had  been  desired  rather  than  a  liquid 
system.  If  the  parameters  which  describe  collector  performance  are 
the  same  as  for  the  liquid  system,  the  results  would  remain  the  same. 
That  is,  we  would  want  586  ft2  of  collector.  Consequently,  the 
storage  should  contain  approximately  293  ft3  of  3/4"  to  1"  washed 
rocks.  The  rocks  should  not  be  more  than  35  percent  fractured, 
80  percent  3/4",  with  a  minimum  amount  of  fines.  The  rocks  must 
be  clean  and  free  of  dirt.  The  storage  container  should  be 
constructed  according  to  the  diagram  shown  in  Figure  20-1  .  The 
depth  of  the  rocks  should  be  5.5  ft,  the  length  should  be 
8.9  ft,  and  the  width  should  be  6  ft. 

The  system  schematic  is  shown  in  Figure  20-2.  The  main  blower 
should  deliver  approximately  1172  cfm. 

The  ductwork,  as  indicated  in  Figure  20-2,  should  be  sized  for 
low  static  pressure  drop  to  minimize  electrical  power  requirements. 
The  recommended  sizing  requirements  are  that  the  flow  velocity  in 
the  ducts  should  not  exceed  600-800  feet  per  minute.  Figure  16-11 
may  be  used  to  determine  the  duct  size  required  to  meet  these 
specifications.  The  ductwork  should  be  insulated  with  at  least 
1  inch  of  2-1  b.  insulation,  and  turning  vanes  should  be  used  in  all 
elbows.  All  joints  must  be  carefully  sealed  to  prevent  air  leaks. 
The  system  is  shown  schematically  in  Figure  20-3.  The  service  hot 
water  system  is  shown  in  Figure  20-4. 


20-7 


a: 


CM 


D 


< 

UJ 

CO 


-u. 


cf 


OJ 
> 

o 

>-^ 

HO 

era 
-    o 

™C0 


C\J 


CfflMME 


CD       O 

a.    »- 

IOLlI 
h-h-H 
<Hco 

<u_cB 

ct(-cl< 
zd<o$ 


LIMHMH 


7 


Q. 

UJ 
Q 

CJ 

o 


<cr 

UJ  — 

m< 

QX 

Zl- 

CDOo 
xO< 

Q0_ICL 
xqqcO 

CD 


EHMlMfflinnH- 


.  -  «> 


CD 

cr, 
rO 
i. 

o 


•a 

a.' 

CO 

i 

_v 
o 

o 
en 


o 

CVI 

OJ 

s_ 

Z3 
CT) 


I   O        \| 


PLENUM  BOX 
36"L6x  24" Wx  12  "n 


Figure  20-2.  Air  System  Schematic 
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AQUASTAT,  CROSS  TEE 
CONNECTION  a  PRV 
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Figure  20-4.      Service  Hot  Water  System 
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INTRODUCTION 

Structural  and  mechanical  considerations  for  home  construction  as 
well  as  for  the  solar  system  are  discussed  in  this  module  along  with  the 
scheduling  of  sequential  and  concurrent  activities  for  installing 
solar  heating  and/or  cooling  systems  in  new  home  construction.  Undoubtedly, 
standard  or  simplified  critical  path  schedules,  which  are  used  in  this 
module,are  used  by  contractors  only  for  construction  of  large  building 
projects.  Nevertheless,  two  example  schedules  for  constructing  typical 
homes  are  presented  as  il lustrations,  and  items  related  to  the  solar 
systems  are  discussed  with  respect  to  structural  and  mechanical  considera- 
tions. If  attention  is  not  given  to  the  sequence  of  assembly,  strength 
of  supports, and  details  of  connections,  unnecessarily  difficult 
situations  could  result  when  systems  are  installed. 

OBJECTIVE 

The  objective  in  this  module  is  to  familiarize  trainees  with 
important  items  in  construction  and  sequences  that  should  be  followed 
for  installation  of  solar  systems  in  new  homes. 


CONSTRUCTION  SCHEDULE  FOR  A  TYPICAL  HOME  WITH 
AN  AIR-HEATING  SOLAR  SYSTEM 


PART  1,  ROCK-BED  STORAGE 

The  initial  steps  in  the  construction  of  a  home  with  an  air-heating 
solar  system  is  shown  in  part  1  of  a  construction  schedule  which  is 
Figure  21-1.  The  building  contains  a  basement  in  this  example,  and 
the  principal  solar  system  component  included  in  this  phase  of 
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construction   is  a  rock-bed  storage  unit  located  in  the  basement.     The 
construction  activities  concerning  the  pebble-bed  storage  unit  are 
identified  by  heavy  lines  in  the  figure. 
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Figure  21-1.  Part  1  -  Pebble-Bed  Storage  Fabrication 


The  structural  base  for  the  rock-bed  storage  unit  should  be  con- 
structed during  the  foundation  work  of  the  building.  The  concrete 
base  on  which  the  storage  bin  is  to  be  constructed  should  be  scheduled 
for  pouring  along  with  the  concrete  footings.  If  the  storage  container 
walls  are  to  be  concrete,  the  rock  bed  can  be  located  in  the  corner 
of  the  basement  to  utilize  common  walls.  If  the  container  is  to  be 
fabricated  of  wood,  the  walls  and  insulation  can  be  constructed  prior 
to  placement  of  the  floor  girders  and  joists. 

The  recommended  rock  depth  in  a  storage  bin  is  5  to  6  feet.  The 

3 
weight  of  rocks  is  approximately  100  lbs/ft  ,  and  so  the  weight  of 

rocks  on  the  foundation  slab  will  be  500  to  600  pounds  per  square  foot, 

and  the  weight  of  the  container  and  the  bond  beams  in  the  rock  bin  must 

be  added.  Assuming  an  additional  100  lbs  loading  on  the  foundation  slab, 

2 
the  total  load  could  be  as  much  as  700  lbs/ft  .  A  concrete  slab  at 

least  8  inches  in  thickness,  reinforced  with  wire  mesh, is  recommended  to 

support  the  load. 
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The  ducts  connected  to  the  top  and  bottom  plenums  of  the  rock  bin 
should  be  a  diffuser,  particularly  to  aid  the  flow  of  air  from  the 
rock  bin  into  the  ducts.  Because  air  flows  in  both  the  top  and  bottom 
ducts  are  bi-directional , a diffuser  is  needed  on  both.  Without  diffusers, 
some  portion  of  the  rock  bin,  particularly  if  the  box  is  rectangular, 
may  not  be  effective  for  passage  of  air,  hence  for  storing  and  reclaiming 
the  heat. 

In  fabricating  a  rock  box,  it  is  important  to  consider  the  lateral 
stresses  exerted  by  the  box  on  the  sides.  Considering  a  natural  angle 
of  repose  of  one-inch  gravel  to  be  about  40°,  there  could  be  as  much  as 
1500  pounds  of  force  on  each  linear  foot  of  wall  with  a  rock  depth  of 
6  feet.  To  support  these  internal  rock  forces  onthewalls  of  the  box, 
steel  rock  ties  within  the  box  at  one-third  depth  and  again  at  two-thirds 
depth  should  be  used.  Without  the  tie  rods,  the  walls  of  the  box  could 
expand  with  the  force,  and  the  joints  could  crack,  and  air  and  heat 
losses  could  occur. 

Rocks  must  not  be  dumped  into  the  storage  bin,  because  of  the  tie 
rods  in  the  box,  and  also  the  rocks  could  fracture  into  smaller  pieces 
and  clog  the  interstices  of  the  rock  bed.  A  tightly  packed  rock  bed 
leads  to  greater  pressure  drops  to  circulate  the  air  through  storage. 

The  placement  of  temperature  sensors  for  the  control  system  and, 
if  desired,  for  monitoring  purposes,  is  a  simultaneous  activity  with 
the  filling  of  the  rock  bin.   It  is  not  practical  to  install  sensors 
after  the  gravel  has  been  placed  in  the  bin. 

PART  2,  COLLECTOR  SUPPORTS 

The  support  structure  for  solar  collector  modules  or  panels  may  be 
the  vertical  wall  of  the  building  or  the  roof  trusses  or  rafters.  The 


21-4 


schedule  in  Figure  21-2  assumes  that  collectors  are  to  be  placed  on  the 
roof,  but  may  be  revised  as  necessary  for  attachment  to  the  external  wall 
The  spacing  between  roof  trusses,  or  wall  studs,  should  be  convenient 
for  the  type  of  collector  to  be  used  in  the  solar  system. 

The  weight  of  flat-plate  solar  collectors  can  vary  considerably, 
but  a  typical  collector  might  weigh  5  to  6  pounds  per  sguare  foot. 
When  collectors  are  placed  on  the  roof,  the  added  load  is  a  consideration 
to  the  design  of  roof  trusses.  Although  the  pitch  of  most  roofs  will 
be  steep,  snow  and  ice  loads  should  not  be  discounted  in  sizing  the 
roof  truss.   In  addition,  the  steeper  Ditched  roof  will  be  subjected 
to  greater  positive  and  negative  loads  due  to  wind  forces.   In  areas 
where  high  winds  are  possible,  structural  designs  of  the  roofs  should 
consider  these  factors. 
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Figure  21-2.  Part  2  -  Collector  Support  Construction 


Time  can  be  saved  in  mounting  collectors  if  forethought  is  given  to 
convenient  placement  of  purlins  and  nailers.  There  should  be  space 
provided  for  manifold  air  ducts  in  the  attic  which  will  cross  the 
roof  trusses.  Because  roof  trusses  are  largely  pre-assembled ,  they  should 
be  made  up  with  cross-pieces  that  will  support  the  manifolds. 
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The  placement  of  manifolds  is  at  the  convenience  of  the  designer.  The 
guideline  to  follow  is  to  minimize  lengths  of  large  sizes  to  minimize 
cost,  but  at  the  same  time,  greater  pressure  drops  in  long  lengths  of  small 
ducts  should  be  avoided. 

PART  3,  INSTALLATION  OF  COLLECTORS,  PIPING,  AND  CONTROL  PANEL 

Installation  of  collector  modules  can  be  scheduled  simultaneously 
with  the  roofing  and  flashing  as  shown  in  Figure  21-3.  The  collectors, 
in  most  instances,  will  replace  the  roofing,  and  should  be  rendered  water- 
tight with  cap  strips  of  the  collector  array. 

For  heavy  collector  modules,  a  mechanical  hoist  such  as  a  fork  lift 
may  be  needed  for  installation.  Although  detailed  instructions  may  be 
provided  by  the  manufacturer  for  assembly  of  collector  modules,  consider- 
able attention  should  be  given  to  effect  air-tight  joints  at  all  duct 
connections.  Air  leakage  into  the  collector  array  can  cause  excess  heating 
of  the  rooms  because  the  quantity  of  air  leak  into  a  system  must  also 
flow  out  of  the  system,  and  usually  that  occurs  through  the  dampers  that 
control  the  flow  of  heat  into  the  rooms.  Ul timately,  the  heat  flows  out- 
doors from  the  rooms. 

The  preheat  tank  and  plumbing  connections  to  the  air-water  heat 
exchanger  can  be  scheduled  with  other  plumbing  in  the  building.  The 
heat  exchanger,  which  is  in  the  duct  connected  to  the  collector  manifold, 
will  be  installed  with  the  duct  work.  All  plumbing  should  be  leak-tested 
after  installation. 

If  the  control  panel  for  the  solar  system  is  a  separate  unit  from, 
say  the  air  handler,  the  installation  can  be  scheduled  with  the  other 
rough  electrical  work.  The  control  panel  should  be  located  close  to  the 
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solar  system  for  convenience  of  wiring,  system  checks  and  maintenance 
purposes. 


Roofing  and  Flashing 


-*<27) 


Place  Collectors  on  Support  Structure 
Control  Sensor  in  Collector 


X?b) 


Roof 
Felt 


I   Frame 
|    Internal 
/^Partition 


Rough  Plumbing  Basement 

PI  umbinq  ^^.Leak-Test  /fi\  SI  ab 

Preheat, 
DHW  Tank 


Rough 
Back  Fill  Elec- 

Basement    ,c\  tricity 


Heat 

Exchanger 
Pi  pi  ng 


^  basement ^ 


►© 


^ 


Central 
Control 
Panel 


"►© 


Exterior  Windows 
and  Doors 


Figure  21-3.  Part  3  -  Collector,  Heat  Exchanger  and 
Control  Panel  Installation 


PART  4,  INSULATION 

Insulation  on  piping  and  ducts  can  be  applied  following  leak-tests. 
Insulation  should  cover  valves  as  well  as  the  piping.  Loosely  wrapped 
insulation  may  allow  air  circulation  and  therefore  is  not  effective, 
but  tightly  wrapped  insulation  reduces  the  thickness  and  is  therefore  poor 
practice.  All  ducts  and  pipes,  whether  they  are  flexible  or  rigid,  should 
be  insulated. 


PART  5,  CONNECTING  THE  CONTROLS 

Connecting  the  control  wires  is  virtually  the  last  activity  in  the 
installation  of  the  solar  system  before  the  system  is  checked  out.  Usually 
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the  company  that  provides  the  control  unit  will  have  full  instructions  for 
making  the  connections. 
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Figure  21-4.  Part  4  -  Application  of  Insulation 
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Figure  21-5.  Part  5  -  Connecting  Controls 


PART  6,  FINISH  THE  HEATING  SYSTEM  AND  FINAL  INSPECTION 

After  installation  is  completed,  the  system  should  be  tested  to  be 
sure  that  all  modes  operate  as  desired,  that  is,  the  dampers  are  open  or 
shut  as  they  should  be,  and  the  blower  is  activated  properly.   If  necessary, 
jumper  cables  can  be  used  across  terminals  to  check  out  the  system. 
If  dampers  do  not  close  firmly,  there  will  be  leaks  into  the  flow  loop, 
and  when  cold  air  is  mixed  with  the  warm  air,  considerable  temperature 
degradation  can  take  place.  Although  heat  may  not  be  lost  from  the  system, 
lowered  air  temperatures  can  cause  the  auxiliary  furnace  to  operate  a 
larger  portion  of  the  time  than  is  actually  necessary.  Connections  to 
the  arms  of  motorized  dampers  may  become  loose  with  time,  causing  dampers 
not  to  close  properly.  Frequent  checks  may  be  necessary  to  insure  proper 
closure. 
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Figure  21-6.  Part  6  -  Finishing  and  Final  Inspection 


CONSTRUCTION  SCHEDULE  FOR  A  TYPICAL  HOME  WITH 
A  TYPICAL  LIQUID-HEATING  SOLAR  SYSTEM 


PART  1,  WATER  STORAGE  TANK 

The  structural  base  for  the  thermal  storage  unit  is  provided  when 
the  concrete  is  poured  for  the  footings.  A  thicker  concrete  slab  than  a 
normal  basement  floor  should  be  prepared  for  the  storage  foundation. 

A  prefabricated  tank  is  recommended  for  the  storage  vessel  which  should 
be  placed  on  the  base  before  the  floor  girders  are  assembled.  The 
storage  tank  should  be  provided  with  appropriate  connections  for  pipes  and 
the  control  sensor.  Depending  upon  the  type  of  storage  tank,  the  bottom 
insulation  should  be  installed  before  placement  to  eliminate  extra  work 
later  to  insulate  the  tank. 
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Figure  21-7.  Part  1  -  Storage  Tank  Foundation 
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PART  2,  COLLECTOR  SUPPORTS 

Normally  the  rafters  are  the  supports  for  the  collector  array; 
however,  special  supports  may  be  required  for  some  installations.  When 
rafters  are  to  support  the  collectors  directly,  some  preplanning  will 
reduce  the  labor  costs  to  assemble  and  secure  the  collectors.  Normally 
collectors  are  mounted  on  plywood  sheathing  and  the  collectors  are  secured 
by  bolts  through  the  plywood. 

Pipe  manifolds  are  normally  placed  along  the  top  and  bottom  of  the 
collector  array.  Provisions  for  easy  access,  not  only  for  installation,  but 
also  for  maintenance,  should  be  provided  because  replacement  of  flexible 
connections  between  the  collector  outlets  and  the  manifold  is  a  common 
maintenance  item  and,  although  replacement  is  simple,  it  can  be  made 
difficult  with  restrictive  access. 

Collectors  mounted  on  flat  roofs  will  require  supports  to  tilt  the 
collectors  at  a  desired  angle.  The  supports  should  be  secured  to  the 
rafters, and  open  collector  supports  should  be  closed  in  to  prevent  wind 
drag  and  snow  drifting,  both  of  which  will  add  extra  loads-on  the  roof. 
Consideration  should  be  given  to  place  the  bottom  of  collectors  off  the  roof 
surface  by  12  to  18  inches  for  installations  in  regions  where  there  is 
heavy  snowfall,  because  as  the  snow  piles  up  at  the  base  of  collectors,  the 
absorber  plate  can  be  shaded;  unusual  snowfall  removal  may  be  advisable. 
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Figure  21-8.  Part  2  -  Fabricate  Collector  Support 
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PART  3,  COLLECTOR  INSTALLATION  AND  PIPING 

Collectors  should  be  carefully  inspected  before  installation.  Broken 
glass,  improper  seals,  absorber  plate  conditions,  and  bad  plumbing  fittings 
are  easy  to  identify.  There  is  an  advantage  in  placing  liquid  collectors 
tightly  together  side-by-side  to  minimize  side  heat  losses  from  each  collector 
module.  When  this  cannot  be  done,  insulation  between  the  collector  modules 
should  be  used  to  reduce  the  side  heat  losses.  After  the  headers  are  connected 
to  the  collectors,  they  should  be  leak-tested.  Replacement  of  flexible 
connections,  or  tightening  of  joints,  is  easiest  during  collector  installation 
and  before  cap  strips  are  placed  over  collector  joints. 

Rough  plumbing  for  the  solar  system  is  scheduled  with  the  normal  house 
plumbing, and  the  control  sensors  can  be  placed  along  with  the  rough 
plumbing.  The  filter  unit,  all  the  valves,  the  heat  exchanger,  pumps, 
and  an  expansion  tank  should  be  installed  in  the  collector  loop  and 
the  entire  system  leak-tested. 
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PART  4,  INSULATION  AND  AUXILIARY  BOILER 

The  pipes  in  the  solar  system  should  be  insulated  to  minimize 
heat  losses,  and  the  insulating  must  be  done  before  drywalling.  The 
storage  tank,  heat  exchanger,  and  the  expansion  tank,  as  well  as  the 
valves, should  be  well  insulated. 
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Figure  21-10.  Part  4  -  Insulation  and 
Auxiliary  Boiler 
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PART  5,  PREHEAT  TANK  AND  CONTROL  WIRING 

The  control  panel  wiring  is  the  final  item  related  to  installation 
of  the  solar  system.  It  is  recommended  that  initial  tests  be  made  of 
the  solar  system  and  final  inspection  and  tests  be  made  after  a  short 
period  of  system  operation. 
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INTRODUCTION 

The  solar  systems  that  are  described  in  other  modules  of  this 
manual  are  cost-effective  systems  that  have  been  installed  and  operated. 
Data  obtained  from  experimental  systems  indicate  that  they  function 
satisfactorily  in  residential  buildings.  Fluids  that  are  heated  by 
solar  energy  in  flat-plate  collectors  are  sufficiently  high  in  tempera- 
ture to  heat  space  and  hot  water  and  to  provide  the  hot  water  to  drive 
an  absorption  cooling  machine.  Although  efficiencies  of  the  systems 
vary,  they  are  generally  about  30  percent  and,  while  such  an  efficiency 
is  satisfactory,  if  it  can  be  improved  by  better  components  at  lower 
energy  cost,  the  improvements  are  worthwhile.  A  number  of  new  features 
and  components  of  systems  are  being  researched  and  many  could  improve 
system  performance  significantly.  Flat-plate  collectors  can  be  improved 
with  selective  coatings  or  redesigned  to  provide  greater  efficiencies  in 
heat  collection.  Storage  with  latent  heat  materials  could  provide 
greater  heat  capacity  in  more  compact  space,  and  storage  for  liquid 
systems  with  direct  contact  heat  exchanger  to  eliminate  some  hardware 
would  improve  system  performance.   If  air  conditioning  equipment  using 
solar-heated  air  could  be  developed,  the  air-heating  solar  systems  could 
be  used  throughout  the  year  for  heating  and  cooling.  These  and  many 
other  future  prospects  are  in  store  for  solar  heating  and  cooling  systems 

OBJECTIVE 

This  module  describes  some  prospective  features  and  components  in 
solar  heating  and  cooling  systems  that  could  improve  overall  system 
performance.  The  objective  of  the  trainee  is  to  know  some  of  the  new 
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features  that  could  become  economical  to  add  to  the  systems  described  in 
this  course  and  to  recognize  that  considerable  research  and  development 
effort  is  being  devoted  to  component  hardware  in  solar  heating  and  cool- 
ing systems. 


SOLAR  COLLECTORS 

The  most  important  component  in  a  solar  system  which  could  improve 
performance  is  the  solar  collector.   Improvements  which  will  increase 
efficiency  of  energy  collection  and  reduce  the  delivered  costs  are 
practically  worthwhile.  Among  many  interesting  possibilities  are  the 
addition  of  selective  surfaces  to  absorbers,  and  col  lectors  with  the  air 
evacuated  from  around  the  absorber  plates  to  reduce  heat  losses  and 
improve  collector  efficiency. 

SELECTIVE  SURFACES 

Selective  surfaces  have  high  absorptance  of  solar  radiation  and 
low  emittance  of  long-wave  radiation.  There  are  a  variety  of  selective 
surfaces  that  could  be  used  on  flat-plate  collectors,  and  some  are  being 
tested  on  experimental  units.  Several  coatings  such  as  copper  oxide 
and  black  nickel  have  been  available  for  a  long  time,  but  technical 
problems  and  cost  have  limited  their  use.  Black  chrome  appears  to  hold 
some  promise  and  some  flat-plate  collectors  are  presently  available  with 
such  absorber  coatings.  Characteristics  of  some  selective  surfaces  are 
listed  in  Table  22-1 . 
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Table  22-1 
Selective  Surfaces  Characteristics 


Coating 

Absorptance 

Emittance 

Converted  Zinc 
Black  Nickel 
Black  Chrome 

0.90 
0.88 
0.92 

0.071 
0.066 
0.085 

EVACUATED  TUBE  COLLECTORS 

Evacuation  of  the  air  around  the  absorber  plate  is  potentially  a 
significant  improvement  in  solar  collectors.  There  are  a  number  of 
different  designs  that  are  being  assembled  and  tested,  and  at  least  one 
manufacturer  makes  them  in  moderate  quantities.  Evacuated  collectors 
will  produce  more  useful  heat  than  standard  flat-plate  collectors  under 
the  same  sun  and  weather  conditions  because  the  losses  from  the  absorber 
are  greatly  reduced.  With  a  vacuum  surrounding  the  absorber,  conduction 
and  convection  losses  are  effectively  negligible  and,  if  the  absorber 
coating  is  a  selective  surface,  the  radiation  loss  is  small. 

One  design,  by  Corning  Glass  Works,  is  shown  in  Figure  22-1. 
Inside  an  evacuated  glass  tube  which  is  four  inches  in  diameter  is  a 
copper  absorber  plate  with  a  selective  surface.  Bonded  to  the  plate 
is  a  copper  U-tube  which  carries  the  heat  transfer  fluid.  The  ends 
of  the  tube  protrude  through  one  end  of  the  glass  tube, and  the  absorber 
plate  is  free  to  expand  toward  the  other  end.  The  efficiency  range  of 
the  collector  varies  from  about  75  percent  when  the  inlet  fluid  tempera- 
ture is  low  to  about  60  percent  when  the  fluid  is  near  the 'boiling 
temperature  of  water.  Most  flat-plate  collectors  have  high  efficiency 
with  low  inlet  fluid  temperatures,  but  have  low  efficiencies  when  the 
fluid  temperature  is  near  200°F.  The  evacuated  tube  collector  has  a 
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Figure  22-1.  Corning  Glass  Company  Evacuated  Tube  Collector 
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significant  advantage  when  producing  high  temperature  heat  to  the  system 
and  can  be  used  effectively  with  solar  cooling  units  where  high  tempera- 
ture fluid  is  needed. 

An  evacuated  tube  collector  design  by  the  Owens-Illinois  Glass 
Company  is  shown  in  Figure  22-2.  There  are  three  concentric  glass  tubes 
with  the  middle  one  coated  with  a  black  selective  surface.  The  vacuum 
is  between  the  outer  and  middle  tubes.  Fluid  is  transported  through  the 
inner  tube  and,  as  it  passes  through  the  annul  us  in  contact  with  the 
absorber  tube,  heat  is  transferred  from  the  glass  to  the  fluid. 

Two  other  evacuated  tube  collectors  are  being  experimentally  tested, 
one  by  the  General  Electric  Company  for  use  in  air-heating  systems  and 
another  is  by  the  Philips  Company  in  West  Germany  for  liquid  systems. 
Many  variations  in  design  of  evacuated  tube  collectors  are  possible, 
and  different  designs  will  gradually  advance  to  the  practical  stage. 

CONCENTRATING  COLLECTORS 

Concentrating  collectors  are  used  when  wery   high  temperature  fluid 
is  needed  to  drive  heat  engines  or  to  be  used  in  industrial  processes. 
If  concentrating  collectors  can  be  designed  to  be  more  efficient  than 
flat-plate  collectors,  operate  reliably,  and  with  little  maintenance  so 
that  the  cost  of  delivering  energy  is  low,  then  such  collectors  can  have 
potential  uses  in  residential  solar  systems.  Experience  thus  far  has 
indicated  otherwise,  but  there  is  considerable  research  underway  and 
new  designs  for  concentrating  collectors  are  being  developed. 

One  type  of  low  concentration  collector  is  being  developed  by  the 
Northrup  Company  and  is  being  tested  on  a  number  of  solar  systems  for 
large  buildings.  A  linear  focusing  collector  with  a  Fresnel  lens  is  the 
type  being  developed  and  is  shown  in  Figure  22-3.  The  collector  is 
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HOUSING  — ■ 


INSULATION 


Figure  22-3.  Fresnel  Lens  Strip  Solar  Collector 

mounted  with  the  axis  in  the  north-south  direction  and  tilted  at  an  angle 
with  respect  to  the  horizontal  plane.  The  collector  rotates  from  east  to 
west  during  the  day  so  that  the  direct  rays  from  the  sun  are  focused  into 
the  absorber  tube.  A  distinct  disadvantage  of  concentrating  collectors 
is  that  only  the  direct  rays  from  the  sun  are  used,  as  the  diffuse  radia- 
tion cannot  be  focused. 

THERMAL  STORAGE 


Considerable  research  is  being  devoted  toward  the  utilization  of 
salt  hydrates  and  other  phase-change  materials  for  storage  of  latent 
heat.     The  principal   difficulties  are  packaging  the  storage  material 
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and  stratification  or  separation  of  the  material  after  a  few  hundred 
cycles  of  phase  changes.  One  advantage  in  the  use  of  phase  change 
materials  is  supposedly  the  smaller  storage  volume  required,  as  com- 
pared to  water  or  rocks.  However,  a  solar  heating  and  cooling  system 
requires  a  water  volume  of  only  two  gallons  of  water  or  one-half  cubic 
foot  of  rocks  per  square  foot  of  solar  collector  area  and,  in  a  typical 
system  with  500  square  feet  of  collectors,  the  water  volume  needed  is 
about  1000  gallons  or  about  350  cubic  feet  of  rocks.  When  packaged 
phase-change  material  is  arranged  in  a  container  with  adequate  surface 
contact  with  the  heat  transfer  fluid  from  the  collectors,  it  is  diffi- 
cult to  achieve  a  significantly  smaller  volume  of  storage. 

With  proper  materials  there  is,  however,  an  advantage  in  being 
able  to  obtain  a  sustained  constant  temperature  of  the  heat  delivered 
from  storage.  This  property  of  latent  heat  storage  materials  can  be 
used  to  advantage  in  solar  cooling  systems,  both  in  the  hot  storage 
and  cold  storage  tanks. 

Another  future  prospect  for  storage  of  thermal  energy  is  in 
chemical  methods.  Chemical  storage  offers  technical  possibilities 
that  sensible  and  latent  heat  storage  do  not.  These  possibilities 
include;  (1)  long-term  storage  without  need  for  insulation  and  without 
thermal  loss,  (2)  storage  at  high  energy  density,  and  (3)  recovery  of 
stored  thermal  energy  at  temperatures  above  or  below  the  original 
temperature.  Although  no  thermo-chemical  system  appears  imminent, 
in  concept  at  least,  this  method  of  storage  can  have  important 
applications  in  terms  of  supply  and  demand  and  improving  thermal 
efficiency. 
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HEAT  EXCHANGER 

The  disadvantage  of  a  heat  exchanger  in  present  liquid-heating  solar 
systems  is  the  temperature  difference  needed  to  transfer  the  heat  at  the 
heat  exchanger.  A  temperature  difference  of  10  to  20°F  has  a  signifi- 
cant influence  on  the  amount  of  useful  heat  delivered  by  the  system.  The 
temperature  in  storage  is  low  and  the  collector  efficiency  is  less. 

A  heat  exchanger-storage  combination  unit  is  under  investigation 
where  heat  is  transferred  from  liquid  droplets  that  transport  heat  from 
the  collector  to  water  in  the  storage  tank.  A  liquid  that  is  immiscible 
in  water  is  pumped  through  the  solar  collector  and  through  the  storage 
tank  as  droplets.  If  the  density  of  the  liquid  is  substantially  different 
from  that  of  water,  the  liquid  droplets  will  either  rise  or  descend 
through  the  water  in  the  storage  tank.  A  schematic  of  a  heat  exchanger- 
storage  unit  is  shown  in  Figure  22-4.  For  the  illustration  shown,  the 
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Figure  22-4.      Direct  Contact  Liquid-Liquid  Heat  Exchanger 
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liquid  is  heavier  than  water.  The  liquid  is  delivered  to  the  top  of 
the  tank,  is  broken  up  into  droplets  at  the  perforated  plate,  and  collects 
in  the  bottom  cone.  The  temperature  difference  between  the  droplets  and 
the  storage  water  is  only  about  1°F  or  less,  with  substantial  heat  trans- 
fer occurring  across  the  large  collective  area  of  the  droplets.  There 
are  several  possible  liquids  that  can  be  used  and,  although  not  named, 
their  properties  and  approximate  costs  are  listed  in  Table  22-2. 

Table  22-2 
Properties  of  Possible  Collector  Fluids 


Fluid 

Freezing 
Point 
(°F) 

Boil ing 

Point 

(°F) 

Specific 
Gravity 

Cost 
($/gal) 

1 

-31 

698 

1.116 

2.98 

2 

-36 

734 

1.208 

6.91 

3 

-31 

644 

1.048 

3.32 

4 

-41 

568 

1.120 

3.46 

5 

-27 

415 

1.043 

10.45 

6 
7 

-13 

770 

1.162 

8.63 
3.79 

-76 

782 

0.927 

8 

-67 

478 

0.913 

9.80 

SYSTEMS 


At  present  the  only  commercially  available  cooling  unit  in  small 
size  that  is  operable  with  solar  energy  is  a  lithium-bromide  absorption 
cooling  unit.  As  mentioned  elsewhere  in  this  manual,  there  are   a  number 
of  different  experimental  cooling  units  that  are  being  developed,  such 
as  the  heat  engine  driven  refrigeration  machine  and  ammonia-water 
continuous-cycle  unit. 
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There  is  also  significant  effort  being  made  in  the  development  of 
so-called  total  energy  systems,  where  high  temperature  heat  from  solar 
energy  is  used  to  generate  electricity  and  the  low  temperature  "waste" 
heat  is  used  to  heat  and  cool  a  cluster  of  buildings.  Such  systems  are 
likely  destined  for  specialized  use  in  grouped  facilities  such  as 
military  bases  but,  with  some  variation,  may  serve  a  number  of  homes  or 
apartment  complexes. 

In  the  long  term,  development  of  photovoltaic  systems  for  residen- 
tial buildings  is  a  possibility.  Electricity  that  is  generated  could 
operate  the  heating  and  cooling  system  in  the  house.  Whether  photo- 
voltaic systems  will  ever  be  low  enough  in  cost  to  be  competitive  with 
electricity  generated  from  fossil  or  nuclear  fuels  is  an  open  question, 
but  a  considerable  amount  of  effort  is  being  devoted  to  improve  efficiency 
and  reduce  the  costs. 

Other  improvements  in  systems  which  utilize  solar  energy  are  hybrid 
systems  consisting  of  passive  as  well  as  active  components.  There  has 
not  been  much  effort  toward  development  of  passive  systems  except  by 
architectural  treatment  of  windows.  While  this  effort  has  been  signifi- 
cant, more  direct  heating  of  residential  space  with  passive  systems  may 
minimize  the  size  of  the  active  components  and  thereby  reduce  overall 
costs. 
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INTRODUCTION 

In  addition  to  understanding  the  design  and  operation  of  solar 
heating  systems,  suppliers  and  users  should  be  acquainted  with  several 
other  aspects  of  solar  heating.  In  order  that  intelligent  selection 
of  equipment  can  be  made,  knowledge  of  industry  standards,  equipment 
warranties,  performance  evaluation  data,  and  related  topics  is  necessary. 
If  evaluations  have  been  performed,  their  results  need  to  be  available 
to  the  supplier  and  user.  The  kinds  of  data  required  for  such  appraisal 
must  be  understood.  The  advantages  and  the  disadvantages  of  the  main 
system  types  for  a  specific  application  are  particularly  important. 
Knowledge  of  the  type  of  hardware  available,  their  cost,  and  their  com- 
patibility with  other  components  in  the  system  is  essential.  Such  items 
as  safety  and  durability  are  additional  criteria  for  equipment  evaluation 
and  selection. 

Within  this  module,  the  main  points  enumerated  above  are  addressed, 
and  a  guide  to  their  consideration  is  presented.  Because  of  (a)  the 
newness  of  the  solar  equipment  industry,  (b)  limited  experience  in  the 
use  of  fully  commercial  systems  in  non-subsidized  installations,  (c) 
lack  of  criteria  for  system  evaluation  and  certification,  and  (d)  lack 
of  information  on  durability,  marketability,  and  other  factors,  much  of 
the  material  here  outlined  is  tentative,  rapidly  changing,  and  highly 
variable  in  time  and  place.  The  following  information  should  therefore 
be  considered  a  guide  rather  than  a  set  of  specifications. 
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OBJECTIVE 

The  objective  of  this  module  is  to  provide  the  trainee  with  guides 
to  the  purchase  of  equipment  for  solar  heating  systems.  The  reference 
list  of  manufacturers  of  equipment  is  not  intended  to  be  all  inclusive. 
Guidelines  for  choosing  solar  equipment  and  systems  are  provided,  not 
only  in  this  module,  but  throughout  this  manual. 

AVAILABILITY  OF  SYSTEMS  AND  COMPONENTS 

COLLECTORS 

A  directory  of  manufacturers  and  suppliers  of  solar  heating  (and 
cooling)  equipment  has  been  published  by  the  U.S.  Energy  Research  and 
Development  Administration  under  the  title,  "Catalog  on  Solar  Heating 
and  Cooling  Products".  Published  in  November  1975,  and  designated 
ERDA-75,  it  has  been  updated  by  the  Solar  Energy  Industries  Association. 
Among  scores  of  organizations  listed  as  manufacturers  of  solar  heating 
equipment,  possibly  a  dozen  firms  have  supplied  or  could  furnish  solar 
collectors  in  quantities  of  thousands  of  square  feet  with  one-  to  two- 
month  lead  time  for  delivery.  A  listing  of  some  firms  is  shown  in  Table 
23-1.  The  list  is  not  intended  to  be  complete  nor  is  the  inclusion  of 
a  firm  intended  to  imply  relative  usefulness  (efficiency,  durability, 
cost,  etc.)  of  the  product.  The  list  contains,  however,  most  of  the 
firms  having  sold  collectors,  for  space  heating,  to  residential  users 
and  to  the  federal  government  in  total  quantities  of  thousands  of  square 
feet.  The  type  of  collector  manufactured  and  miscellaneous  comments 
are  also  presented. 
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Table  23-1 
Selected  Collector  Manufacturers 


Name  of  Firm 

Collector  Type 

Collector  Materials 

Ametek 

Liquid 

Copper,   glass  (1 )  or (2) 

Chamberlain 

L  i  qu  i  d 

Steel ,   glass   (2) 

General    Electric 

Liquid 

Aluminum,  lexan   (2) 

Grumman 

Liquid 

Copper,  glass   (2) 

Honeywel 1 

Liquid 

Copper-steel , glass  (2) 

Lennox 

Liquid 

See  Honeywell 

Owens-Ill inois 

Liquid 

Glass   (evacuated  tube) 

PPG 

Liquid 

Copper,  glass   (2) 

Revere 

Liquid 

Copper,  glass  (2)  or (1 ) 

Solaron 

Air 

Steel,   glass   (2) 

Sunsource 

Liquid 

Sunworks 

Liquid  or  air 

Copper,  glass   (1 ) 

CONTROL 

In  addition  to  the  equipment  listed  above,  another  commercially 
available  component  is  the  control  system.  The  special  unit  in  most 
solar  heating  control  systems  is  the  differential  thermostat  with  its 
temperature  sensors  for  insertion  in  collector  and  storage.  Also  avail- 
able are  control  panels  for  connection  of  the  differential  thermostat, 
the  room  thermostat,  and  the  various  relays  and  motor  actuators  for 
blowers,  pumps,  and  valves  and  dampers.  The  controllers  may  be  of  the 
conventional  electromechanical  type  with  bimetallic  temperature  sensors 
or  thermocouples  or  thermistors,  along  with  mechanical  relays  for  ener- 
gizing motors.  Also  available  are  solid-state  controllers  with  thermistor 
and  thermocouple  inputs  and  solid-state  switches  and  relays  producing 
appropriate  electric  outputs  to  motors.  Electromechanical  types  are  more 
familiar  to  heating  system  installers  and  service  personnel,  whereas 
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solid-state  units  will  probably  emerge  as  the  more  compact  and  economical 
system. 

Suppliers  of  control  components  and  special  control  systems  for 
solar  heating  include  long-established  firms  in  the  general  control 
business  as  well  as  new  companies  and  groups  specializing  in  specific 
solar  control  equipment.  A  representative  list  of  companies  offering 
differential  temperature  controllers  and  complete  solar  control  systems 
is  shown  in  Table  23-2. 


Table  23-2 
Selected  Suppliers  of  Solar  Heating  Controls 


Barber  Coleman 

Deko  Labs 

Heliotrope  General 

Honeywell 

Penn  Controls 

Rho  Sigma 

Robertshaw  Controls  Company 

Solar  Controls 
(formerly  Zia  Associates) 


HEAT  STORAGE 

Another  important  component  of  the  solar  heating  system  is  the  heat 
storage  unit,  but  there  appears  to  be  no  commercial  offering  of  that 
item.   In  the  liquid  system,  a  conventional  tank  of  some  type  is  purchased, 
With  the  air  system,  a  bin  is  usually  constructed  on  site  by  the  contrac- 
tor and  filled  at  a  suitable  time  with  screened  gravel. 
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COMPLETE  SYSTEMS 


Several  collector  manufacturers  also  provide  complete  solar  heating 
systems.  Their  products  consist  of  collectors,  accessory  hardware  for 
collector  support  and  connection,  pumps  and/or  blowers,  preassembled  fluid 
handlers  comprising  motors,  blowers,  automatic  dampers,  filters,  water 
heating  coils  (for  the  air  system),  and  motors,  pumps,  automatic  valves 
(for  the  liquid  system),  and  controls,  including  sensors  and  circuitry 
for  actuating  the  various  motors  in  the  system.  Some  companies  also  sup- 
ply water  heating  accessories,  including  heat  exchanger  and  tanks,  when 
that  option  is  involved.  The  suppliers  of  complete  solar  heating  systems 
do  not  usually  furnish  a  heat  storage  unit,  because  its  size  and  local 
availability  usually  make  its  local  procurement  more  practical.  Sizing, 
layout,  and  detailed  design  are  also  offered  by  some  system  suppliers. 
These  firms  provide  the  information  necessary  for  installation  of  their 
equipment  by  heating  and  plumbing  contractors  having  little  or  no 
experience  in  solar  equipment  installations.  Table  23-3  lists  a  few 
of  the  known  suppliers  of  complete  solar  heating  systems. 

Table  23-3 
Selected  Solar  Heating  System  Suppliers 


Name  of  Firm 

Type  of  System 

Daystar 

Nonfreezing  liquid  collection  and  storage 

General  Electric 

Nonfreezing  liquid  collection  and  storage 

Honeywell 

Nonfreezing  liquid  collection  and  storage 

Piper  Hydro 

Water  collection  (nondraining)  and  storage 

Reynolds 

Water  collection  (drainable)  and  storage 

Solaron 

Air  collection,  pebble-bed  storage 

Solar  Utilities  Co. 

Water  col  lection  (nondraining)  and  storage 

23-6 
EQUIPMENT  PERFORMANCE  DATA 

Most  of  the  suppliers  of  solar  heating  system  components  provide 
technical  data  on  their  performance.  Most  of  the  collector  data  sheets 
contain  information  on  solar  heat  collection  efficiency  at  various 
temperatures  and  radiation  levels.  Some  include  information  and  instruc- 
tions for  sizing  solar  heating  systems  and  installation  procedures.  At 
least  one  firm  offers  an  extensive  manual  covering  its  products,  instruc- 
tions on  their  selection  and  sizing,  and  their  assembly,  installation, 
and  servicing. 

It  should  be  recognized  that  some  of  the  manufacturers'  literature 
contains  information  which  has  not  been  verified  by  impartial  analysis, 
and  that  the  data  may  not  be  representative  of  performance  under  typical 
operating  conditions.  The  user  is  advised  to  proceed  with  caution  in 
applying  manufacturers'  performance  figures  that  have  not  been  indepen- 
dently verified. 

Standardized  procedures  and  instrumentation  for  testing  solar  equip- 
ment have  been  developed  by  the  National  Bureau  of  Standards  (NBS)  and 
are  described  in  two  reports: 

1.  "Method  of  Testing  for  Rating  Solar  Collectors  Based 

on  Thermal  Performance",  NBSIR-74-635.  Hill  and 
Kusuda,  Center  for  Building  Technology,  NBS,  December 
1974,  Interim  report  prepared  for  the  National  Science 
Foundation. 

2.  "Method  of  Testing  for  Rating  Thermal  Storage  Devices 

Based  on  Thermal  Performance",  NBSIR-74-634.  Kelly 
and  Hill,  Center  for  Building  Technology,  NBS, 
March  1975,  Interim  report  prepared  for  the  Energy 
Research  and  Development  Administration. 
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Although  the  testing  procedures  described  in  these  reports  are  not 
mandatory  for  the  rating  of  equipment,  they  are  being  accepted  by 
governmental  purchasers  of  solar  equipment. 

Numerous  solar  collectors  of  the  liquid  heating  type  have  been 
tested  independently  by  the  NASA-Lewis  Research  Center  in  Cleveland. 
Reports  of  their  performance  over  a  range  of  conditions  are  available 
and  can  be  used  as  a  guide  to  equipment  selection.  These  test  results 
may  also  be  compared  with  the  performance  claimed  by  the  manufacturers 
in  their  data  sheets.  Additional  testing  of  liquid  heating  collectors 
is  also  in  progress  in  several  independent  laboratories. 

There  have  been  no  independent  evaluations  and  tests  of  solar  air 
heaters,  but  facilities  are  being  established  at  the  National  Bureau 
of  Standards  and  at  the  NASA-Marshall  Test  Center  in  Huntsville,  Alabama. 

Facilities  for  testing  and  evaluation  of  complete  solar  heating 
systems  are  extremely  limited.  Colorado  State  University  has  three 
identical  residential -type  buildings  in  which  various  systems  are  being 
developed  and  evaluated.  This  program  is  producing  information  which 
can  gui  ,!e  the  choice  of  general  system  type,  and  will  also  yield  detailed 
operating  data  on  specific  systems. 

SELECTION  OF  COMPONENTS  AND  SYSTEMS 

Choice  of  equipment  for  solar  heating  involves  a  knowledge  of  the 
characteristics  that  are  significant  (and  critical)  and  the  advantages 
and  disadvantages  of  each  system  type.  Besides  the  information  contained 
in  this  manual,  reference  may  be  made  to  a  helpful  government  publication, 
"Buying  Solar",  published  by  the  Federal  Energy  Administration,  June  1976. 
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Among  the  factors  most   important   in  equipment  choice  are  the 
quality  of  materials  and  workmanship  in  the  collector,   controls,  and 
fluid-handling  equipment,   the  suitability  of  the  materials  and  equipment 
to  the  application   (involving  such  factors  as  durability,   dependability, 
and  safety),   heat  recovery  efficiency  over  the  range  of  operating  con- 
ditions encountered,   equipment  cost,   and  installation  cost. 

SELECTION  OF  SYSTEMS 

The  system  types  requiring  choice  are  primarily  the  flat-plate 
liquid-heating  collector  and  associated  equipment,  and  the  flat-plate 
air-heating  collector  with  its  pebble-bed  storage  and  air  handling 
facility.     Another  possible  choice  is  a  system  incorporating  an 
evacuated  glass  tubular  collector  in  either  an  air  heating  or  water 
heating  system.     So-called  passive  systems   involving  collection  and 
storage  of  heat  by  materials  on  or  in   roofs  and  walls  of  buildings 
rarely  are  candidates  for  selection  because   (a)   their  practicality  has 
not  been   proven,   (b)   there   is  no  manufacturer  of  such  equipment,   and 
(c)   if  used,   these  systems  are  essentially  part  of  the  building  rather 
than  a  heating  system.     Finally,  a  system  based  on  use  of  a  focusing 
collector,  although  one  is  commercially  available,  would  seldom  be  a 
candidate  for  residential   use  because  of  high  cost,   tracking  require- 
ments,  and  maintenance  demands.      Even   for  commercial    buildings,   the 
high  cost   is  a  deterrent  to  general    use. 

QUALITY  OF  MATERIALS  AND  WORKMANSHIP 

Durable  materials  and  high-quality  workmanship  are  necessary  for 
efficient,     trouble-free  operation  of  solar-heating  systems.     Visual 
inspection  will   often  separate  the  good  and  poor  equipment.  Other  criteria 
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are  records  of  satisfactory  use  in  previous  installations,  compliance 
with  minimum  property  standards,  and  recommendations  from  impartial 
specialists.  With  liquid  systems,  the  collector,  storage  unit,  heat  ex- 
changers, if  used,  and  pumps  and  piping  should  be  made  of  materials  which 
are  completely  compatible  with  the  liquids  being  used  in  order  that 
corrosion  will  not  prematurely  damage  or  destroy  the  system  or  its  compo- 
nents. The  collector  and  other  parts  of  the  system  must  also  be  able  to 
withstand  the  maximum  and  minimum  temperatures  to  which  they  are  exposed. 
The  absorber  plate  in  an  efficient  collector  of  the  flat-plate  type  can 
reach  temperatures  above  350°F  when  fluid  circulation  is  interrupted 
accidentally  or  purposely,  and  there  should  be  no  material  in  the  collec- 
tor not  capable  of  withstanding  no-flow  temperatures  for  prolonged  periods. 
Wood  or  other  materials  which  can  outgas  at  these  temperatures  should 
never  be  used  in  a  solar  collector.  If  inspection  shows  the  presence  of 
such  materials,  the  collector  is  clearly  unsuited  to  normal  space  heating 
applications. 

SELECTION  OF  COLLECTOR 

The  efficiency  of  the  collector  in  recovering  solar  energy  in  a 
heated  fluid  is  the  primary  determinant  of  the  size  of  collector  required 
for  supply  of  a  particular  fraction  of  the  total  heat  requirements  of  a 
building.  And,  although  this  is  an  important  criterion  for  collection 
selection,  installed  cost  per  unit  area  is  equally  significant.  Assuming 
two  styles  of  collectors  have  equal  durability,  the  one  having  the  greater 
heat  delivery  per  dollar  of  first  cost  is  the  superior  choice,  regardless 
of  the  efficiency  and  the  cost  theinsel  ves .   In  other  words,  an  increase 
of  a  few  percentage  points  in  efficiency  which  might  be  achieved  by 
doubling  the  cost  per  square  foot  is  not  advantageous.  The  purchaser 
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should, therefore, base  the  choice  among  various  collectors  of  the  general 
type  selected  on  reliable  efficiency  measurements,  delivered  price  of 
the  col  lectors,  and  the  cost  of  installation  determined  by  the  installer's 
bid  or  the  cost  of  installing  similar  systems  in  other  buildings. 
Unless  the  solar  collection  efficiency  claimed  by  the  manufacturer  has 
been  independently  verified  or  reliably  confirmed  by  theoretical 
analysis,  it  should  not  be  accepted  without  question. 

As  noted  in  Module  4,  the  sizing  of  a  solar  collector  and  associated 
equipment  for  carrying  a  certain  fraction  of  the  total  heating  load 
cannot  be  based  on  some  collector  efficiency  measurement  at  "ideal" 
conditions  characterized  by  a  full  sun  nearly  perpendicular  to  the 
collector  and  at  small  to  moderate  temperature  difference  between 
collector  fluid  and  the  surrounding  atmosphere.  Seldom  is  the  collector 
operating  at  such  favorable  conditions  in  normal  use,  so  average 
efficiencies  are  far  below  such  a  level.   In  the  selection  of  solar 
equipment,  however,  performance  of  collectors  among  a  single  general 
type  can  be  compared  at  the  ideal  conditions.   If  collector  efficiency 
is  reported  over  a  range  of  solar  intensities  and  temperature  conditions, 
comparison  can  be  made  at  poor  operating  conditions  as  well  as  the  better 
ones. 

The  two  items  probably  most  commonly  overlooked  in  the  selection  of 
solar  collectors  and  other  system  components  are   the  durability,  or 
apparent  useful  life,  of  the  equipment  and  the  cost  of  its  installation 
in  the  building.  The  annual  cost  of  ownership  of  the  equipment  is 
approximately  inversely  proportional  to  the  useful  life.  In  other 
words,  if  a  solar  collector  must  be  replaced  in  15  years,  there  is  no 
advantage  in  its  purchase  at  half  the  price  of  another  collector  having 
a  30-year  life.  Numerous  collectors  are  on  the  market  today  which 
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cannot  be  expected  to  operate  satisfactorily  even  for  10  years,  so 
their  purchase  at  prices  as  low  as  $5  per  square  foot  appears  unwise. 
A  collector  which  costs  $12  to  $15  per  square  foot  that  can  be  expected 
to  function  satisfactorily  over  the  entire  life  of  the  building  is  a 
far  better  investment. 

COMPARISON  OF  SYSTEM  TYPES 

The  two  major  types  of  systems  now  available  commercially  are  those 
which  employ  a  liquid  for  transfer  of  heat  from  collector  to  storage 
and  those  which  utilize  air  for  the  same  purpose.  The  so-called  passive 
types,  in  which  collection  and  storage  are  combined,  are  not  commercially 
manufactured  because  they  are  so  closely  associated  with  the  design  and 
construction  of  the  building  that  they  are  primarily  architectural 
considerations. 

Nearly  all  of  the  air  and  water  system  types  involve  collectors 
employing  flat-metal  absorber  plates  overlaid  with  flat-glass  sheets. 
A  modification  of  this  design  is  applied  in  the  several  variations  of 
the  evacuated  tubular  collector  for  air  or  water  heating.  A  focusing 
type  of  collector  employing  a  transparent  plastic  Fresnel  lens  is  also 
receiving  specialized  experimental  use. 

ADVANTAGES  OF  LIQUID  SYSTEMS 

In  comparing  air  and  liquid  handling  in  systems,  each  has  advantages 
and  disadvantages.  The  primary  advantages  of  the  liquid  system  are  due 
to  use  of  a  low-cost  fluid  with  high  heat  capacity.  Relatively  small 
piping  for  transferring  heat  from  collector  to  storage  and  from  storage 
to  the  heated  space  in  hydronic  distribution  systems  is  an  economic 
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advantage,  particularly  in  large  buildings.  The  volume  of  water  in 
which  a  given  quantity  of  heat  can  be  stored  is  much  less  than  required 
of  any  other  material  not  undergoing  a  phase  change  of  some  type.  Heat 
storage  in  materials  undergoing  phase  changes  is  not  commercially  practi- 
cal, so  water  is  the  most  compact  heat  storage  material  now  available. 

Another  advantage  of  the  liquid  system  is  its  capability  for  solar 
air  conditioning.  Although  such  systems  are  not  fully  developed,  they 
do  have  practical  possibilities,  particularly  in  larger  industrial  and 
commercial  buildings.  An  additional  advantage  in  the  liquid  system  is 
the  number  of  commercial  manufacturers  of  liquid  heating  solar  collectors 
Various  styles,  materials  (aluminum,  copper,  and  steel),  transparent 
coverings  (glass,  plastic  films,  and  heavy  plastics),  and  sizes  are 
available.  Finally,  a  large  amount  of  experience  is  available  with 
liquid  collectors  (originally  used  for  hot-water  supply),  including 
theory  as  well  as  practice. 

DISADVANTAGES  OF  LIQUID  SYSTEMS 

The  disadvantages  of  liquid  systems  result  primarily  from  the 
chemical  and  physical  properties  of  water.   Its  freezing  point,  boiling 
point,  and  chemical  reactivity  with  metals  require  designs  and  materials 
which  can  add  substantial  cost  to  a  solar  heating  system.   In  nearly  all 
parts  of  the  United  States,  water  would  occasionally  freeze  in  a  solar 
collector  and  cause  extensive  damage.  A  fail-safe  drainage  system  must, 
therefore, be  provided  if  water  is  used  in  the  collector,  or  a  non- 
freezing  liquid  must  be  used,  with  heat  exchange  to  water  storage  in  a 
part  of  the  building  where  freezing  cannot  occur.  A  self-draining 
collector  imposes  some  design  restrictions,  and  the  periodic  filling  of 
the  collector  tubes  with  air  imposes  limitations  on  the  types  of  metal 
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which  can  be  used.  Nonaqueous  heat  transfer  liquids  may  be  used  in  the 
collector  loop,  but  their  practical  utility  has  yet  to  be  adequately 
demonstrated. 

The  corrosiveness  of  water  in  contact  with  aluminum  or  steel,  in 
the  presence  of  air,  is  a  factor  which  must  be  considered  in  the  design 
and  use  of  water-heating  solar  collectors.  Galvanic  corrosion  (in  the 
presence  of  other  metals)  of  aluminum  in  water  must  be  avoided  by 
suitable  non-conducting  connections  in  the  system.  Pitting  corrosion 
of  aluminum  in  the  presence  of  slight  metallic  impurities  as  well  as 
dissolved  oxygen  and  impurities  in  the  water  may  result  in  early  failure 
of  the  aluminum  tubes,  particularly  if  thin-walled.  Breakdown  of  anti- 
freeze solutions  (ethylene  glycol,  for  example)  to  acidic  compounds  can 
accelerate  corrosive  attack  and  must  be  avoided  by  suitable  preventive 
maintenance. 

Steel  is  less  subject  to  attack  than  aluminum,  but  precautions  must 
nevertheless  be  taken.  The  probable  life  of  a  steel  collector  is  greater 
than  that  of  an  aluminum  collector  having  the  same  tube  thickness. 
Periodic  draining  and  filling  with  air  must,  however,  be  avoided. 
Copper,  at  least  for  tubes,  appears  to  be  the  most  durable  and  depend- 
able material.  The  only  disadvantage  is  its  substantially  higher  cost. 
A  plate-type  copper  collector  requires  an  outlay  roughly  three  dollars 
per  square  foot  in  excess  of  that  for  aluminum.  At  the  retail  level, 
this  difference  could  be  as  much  as  five  to  six  dollars  in  selling  price. 

With  any  of  the  metals  used  for  water-heating  collectors,  corrosion 
inhibitors  can  be  added  to  the  solution  (whether  freeze-protected  or  not) 
thereby  substantially  extending  the  life  of  the  equipment.  The  inhibitor 
itself,  however,  must  be  maintained  at  suitable  concentration  by 
periodically  checking  and  adding  when  necessary. 
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Another  disadvantage  of  the  water  system  is  the  boiling  which  occurs 
if  circulation  is  lost  during  sunny  weather.  The  system  must  be  designed 
with  appropriate  vents  or  relief  valves  to  permit  discharge  of  steam  when 
these  failures  occur.   If  the  condition  persists  for  several  hours,  there 
can  be  so  much  loss  of  fluid  that  recharge  is  then  necessary.  For  typical 
residential  and  commercial  installations,  a  maintenance  man  would  have  to 
be  called,  and  additional  antifreeze  agent  (if  used),  corrosion  inhibitor, 
and  water  would  have  to  be  added.  These  requirements  impose  costs  which 
must  be  considered  in  any  comparison  of  systems. 

In  a  wel 1 -designed  and  maintained  liquid  system,  damage  to  the 
building  and  its  contents  from  liquid  leakage  should  not  occur.  However, 
poor  maintenance  or  careless  operation  can  contribute  to  leakage  of  the 
collector  fluid  or  of  water  from  the  storage  system  through  one  of  many 
joints  and  connections,  or  through  corrosion  sites,  and  can  resul  t  in  expen- 
sive damage.  Good  preventive  maintenance  is  therefore  a  primary  require- 
ment of  satisfactory  operation  of  a  liquid  system. 

ADVANTAGES  OF  AIR  SYSTEMS 

The  advantages  and  disadvantages  of  an  air  system  are  essentially 
the  reverse  of  those  associated  with  a  liquid  system.  Advantages  are 
the  absence  of  problems  associated  with  corrosion,  freezing,  boiling, 
fluid  replacement,  monitoring  of  fluid  composition,  and  potential  damage 
by  system  leakage. 

DISADVANTAGES  OF  AIR  SYSTEMS 

A  disadvantage  of  the  air  system  is  the  larger  volume  required  for 
heat  storage  -  approximately  three  times  that  for  the  equivalent  heat 
storage  capacity  in  water.  This  requirement  imposes  a  need  for  floor 
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space  having  a  linear  dimension  approximately  60  percent  greater  than 
for  a  cylindrical  storage  tank.  Equal  heat  storage  can  be  provided,  for 
example,  in  an  eight-foot  cube  of  pebbles  and  in  a  tank  of  water  five 
feet  in  diameter  and  eight  feet  high.  Another  air  system  disadvantage 
is  the  size  of  ductwork  between  collector  and  storage.  About  four 
square  feet  needs  to  be  available  for  two  ducts  between  collector  and 
storage  in  a  typical  residential  installation.  A  third  disadvantage 
is  the  current  lack  of  air  conditioning  equipment  operable  with  a 
solar-heated  air  supply.  This  situation  is  not  yet  a  deterrent  to  air 
system  use,  however,  because  no  solar  air  conditioning  system  is  yet 
commercial . 

Comparison  of  the  advantages  and  disadvantages  of  solar  heating 
system  types  outlined  above  leads  to  the  conclusion  that  the  air  system 
is  superior  insofar  as  durability  and  freedom  from  maintenance  are 
concerned.  Experience  with  a  limited  number  of  systems  bears  out  this 
generalization.  As  to  compactness  and  wide  availability  of  hardware, 
the  liquid  system  appears  to  be  the  better  choice.  These  relative 
advantages  suggest  that  air  systems  may  predominate  in  residential 
installations  where  maintenance  is  notoriously  neglected,  where  compact- 
ness is  often  not  considered  essential,  and  where  durability  is  important. 
Liquid  systems,  on  the  other  hand,  may  predominate  in  commercial  and 
industrial  installations  where  maintenance  is  routinely  practiced,  where 
space  is  frequently  at  a  premium,  and  where  occasional  equipment  replace- 
ment is  acceptable  if  economically  desirable. 

SYSTEM  PERFORMANCE 

In  terms  of  system  efficiency,  or  annual  heat  delivered  per  unit 
collector  area,  the  two  systems  have  comparable  performance.  Several  studies 
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have  shown  that  the  difference  in  heat  output  is  small,  and  that  one 
system  may  be  slightly  better  under  some  conditions  and  the  other 
superior  in  other  situations.  The  most  recent  information  on  two 
identical  adjacent  houses  shows  nearly  one-third  more  heat  was  supplied 
by  the  air  system  from  equal  collector  areas.  But  a  conservative 
appraisal  is  that  the  two  systems  have  approximately  equal  heat  delivery 
capability  per  square  foot  of  collector  area.  More  data  are  needed 
before  more  definitive  statements  can  be  made. 

COST  OF  HEAT  DELIVERED 

The  final  and  conclusive  basis  for  comparison  is  cost  per  unit  heat 
delivered.  If  efficiency,  useful  life,  and  maintenance  costs  are  equal, 
the  system  requiring  the  least  maintenance  per  square  foot  of  collector 
is  the  best  choice.  System  costs  are  not  yet  sufficiently  established 
for  positive  selection  on  this  basis.  However,  examination  of  published 
prices  of  solar  collectors  and  consideration  of  the  costs  of  other 
components  in  the  system  suggest  that  the  total  installed  cost  of  the 
air  system  is  lower  than  that  of  the  liquid  system,  for  equal  heat 
output.  Evidence  in  support  of  this  indication  is  not  conclusive, 
however,  so  unless  actual  quotations  can  be  compared,  it  should  be 
assumed  that  the  cost  difference  is  not  large,  possibly  not  over  10 
percent  of  the  total  investment,  and  that  any  difference  is  probably 
in  favor  of  the  air  system. 

Another  important  factor  bearing  on  solar  heat  cost  is  the  useful 
life  of  the  system  and  the  costs  of  maintenance  and  repairs.  On  these 
points  there  is  little  doubt  that  the  air  system  involves  lower  annual 
expense.  The  absence  of  corrosion,  the  use  of  moderate-priced  metal 
(mild  steel),  and  the  absence  of  servicing  requirements  indicate  that 
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the  air  system  will  have  a  longer  life  and  lower  maintenance  cost  than 
the  1 iquid  system. 

With  respect  to  evacuated  tubular  collectors,  their  high  effi- 
ciency is  a  great  advantage.  These  units  are  not  yet  being  made  for 
general  sale,  so  it  is  difficult  to  make  comparisons  with  flat-plate 
systems.  Manufacturing  costs  are  much  higher,  and  current  prices  may 
not  reflect  true  costs.  But  if  these  units  can  be  produced  in  large 
volume  (e.g.,  a  thousand  tons  of  glass  per  month),  costs  might  reach 
a  competitive  level.  Selection  of  evacuated  tubular  systems  today 
would  have  to  be  based  on  criteria  other  than  cost,  such  as  high 
temperature  delivery  of  collector  fluid  at  reasonable  efficiencies. 
But  when  demand  reaches  the  level  justifying  automated  tubular  collector 
production  with  a  furnace  used  exclusively  for  this  product,  costs  may 
become  very  attractive. 

There  is  also  a  focusing  collector  (Fresnel  lens)  which  has 
received  some  experimental  use.  It  requires  a  tracking  mechanism 
and  the  cost  is  substantially  higher  than  the  other  systems.  Unless 
high  temperatures,  well  above  200°F,  were  a  specific  requirement  as, 
for  example,  for  absorption  air  conditioning,  there  appears  to  be  no 
advantage  in  the  use  of  this  low-concentration  focusing  system.  The 
considerably  higher  cost,  inability  to  focus  diffuse  radiation,  and 
the  need  for  moving  hardware,  plus  maintenance,  appear  to  preclude  its 
practical  use  for  space  heating. 

In  the  final  choice  of  a  solar  heating  system,  consideration  must 
be  given  to  the  type  of  use  which  the  system  is  to  meet.  As  previously 
indicated,  liquid  systems  appear  to  have  some  advantages  over  air 
systems  in  large  installations  where  maintenance  is  customary  and  where 
cooling  may  now  or  later  be  provided  by  solar  energy.  Other  circumstances 
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might  also  provide  incentives  for  liquid  system  use.  It  is  evident  that 
both  systems  have  potential  for  widespread  application. 

CRITERIA  AND  STANDARDS 

Although  no  performance  criteria  or  standards  for  solar  heating 
equipment  have  been  established,  several  such  efforts  are  being  made. 
Among  the  active  organizations  are  the  American  Society  for  Testing  and 
Materials  (ASTM),  the  American  National  Standards  Institute  (ANSI),  the 
American  Society  of  Heating,  Refrigerating  and  Air-Conditioning 
Engineers,  Inc.  (ASHRAE),  the  Sheet  Metal  and  Air-Conditioning  Contractors 
National  Association  (SMACNA),  and  various  government  bureaus,  including 
the  National  Bureau  of  Standards  (NBS),  the  Department  of  Housing  and 
Urban  Development  (HUD),  and  the  Energy  Research  and  Development 
Administration  (ERDA). 

A  committee  of  the  ASTM  and  ANSI  organizations  is  actively  engaged 
in  formulating  standards  for  solar  heating  equipment.  No  results  have 
been  publicly  released,  but  criteria  or  guidelines  may  be  expected. 

ASHRAE,  through  its  series  of  manuals  on  heating  and  air  condition- 
ing, continues  to  expand  its  section  on  solar  heating  and  cooling.  The 
1974  edition  of  "Applications"  contains  solar  heating  information  and 
guidelines  in  Chapter  59.  This  material  is  in  the  form  of  a  reference 
handbook  for  designers  and  installers  of  solar  heating  equipment,  but  it 
is  comparatively  general  in  its  content. 
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/Sn  important  project  of  the  National  Bureau  of  Standards  is  the 
formulation  of  performance  criteria  which  solar  heating  and  cooling 
equipment  should  be  expected  to  meet.  Two  of  the  results  of  this  project 
are  the  reports,  "Interim  Performance  Criteria  of  Commercial  and  Solar 
Heating  and  Combined  Heating/Cooling  Systems  and  Facilities",  NASA 
98M-10001,  28  February  1975  (prepared  by  NBS)  and  "Interim  Performance 
Criteria  for  Solar  Heating  and  Combined  Heating/Cooling  Systems  and 
Dwellings",  HUD,  1  January  1975  (prepared  by  NBS  for  HUD).  These 
publications  contain  information  on  the  characteristics  of  solar  systems 
and  components  which  are  important  in  the  selection  of  equipment.  No 
requirements  are  outlined,  in  terms  of  quantitative  performance,  but 
the  equipment  is  expected  to  perform  at  the  level  which  the  manufacturer 
or  supplier  specifies.  In  addition  to  the  criteria  themselves,  the 
reports  describe  methods  for  measuring  the  performance  of  collectors 
and  heat  storage  units. 

The  next  government  effort  along  these  lines  has  resulted  in  the 
release  of  "Intermediate  Minimum  Property  Standards  Supplement  for 
Solar  Heating  and  Domestic  Hot  Water  Systems,"  prepared  by  the  National 
Bureau  of  Standards  for  the  Department  of  Housing  and  Urban  Development  (HUD) 
In  conformance  with  other  HUD  documents  of  this  type,  the  specifications 
outlined  are  those  which  solar  heating  equipment  will  have  to  meet  if 
federal  funds,  such  as  FHA  home  loans,  are  used  in  financing  the  structure 
or  its  components.  As  with  the  "interim  performance  standards"  developed 
by  NBS,  the  solar  heating  and  cooling  standards  in  the  HUD  document  are 
directed  mainly  to  safety,  durability,  reliability,  and  such  factors  rather 
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than  to  the  specific  efficiency  of  heat  supply  or  other  quantitative 
criteria.  The  equipment  is  required  to  perform  according  to  the 
manufacturer's  claims. 

The  work  being  undertaken  by  SMACNA  is  directed  toward  standards 
for  installation  workmanship  in  solar  heating  systems.  Such  factors  as 
the  quality  of  the  plumbing,  sheetmetal  work,  and  electrical  work  will 
be  considered. 

Standards  for  testing  solar  equipment  have  been  the  subject  of  work 
at  the  National  Bureau  of  Standards  for  over  two  years.  A  useful  report 
of  part  of  this  investigation  is  "Development  of  Proposed  Standards  for 
Testing  Solar  Collectors  and  Thermal  Storage  Devices",  NBS  Technical 
Note  899,  issued  February  1976. 

Another  document  related  to  standards  and  criteria,  prepared  at  the 
Center  for  Building  Technology  of  the  National  Bureau  of  Standards  for 
the  Energy  Research  and  Development  Administration,  Division  of  Solar 
Energy,  is  "Thermal  Data  Requirements  and  Performance  Evaluation 
Procedures  for  the  National  Solar  Heating  and  Cooling  Demonstration  Program." 
This  manual  provides  detailed  information  and  directions  for  measuring  and 
evaluating  the  performance  of  solar  heating  and  cooling  systems. 

WARRANTIES 

The  types  of  warranties  offered  by  manufacturers  of  solar  heating 
equipment  vary  considerably.  At  the  present  time,  if  a  supplier  provides 
any  warranty,  it  is  of  the  "limited"  type.  Under  its  terms,  the  equipment 
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is  warranted  to  be  free  of  defects  in  materials  and  workmanship,  and 
that  if  such  defects  are  found  within  a  certain  period  of  time  after 
initial  use,  correction  or  replacement  will  be  made  without  cost  to 
the  user.  Most  of  the  suppliers  of  solar  equipment  do  not  currently 
offer  any  type  of  warranty.  A  few,  larger  companies  involved  in  solar 
equipment  manufacture  are  offering  one-year  limited  warranties.  One 
company  marketing  an  air  system  offers  a  10-year  limited  warranty. 

There  appear  to  be  no  manufacturer's  guarantees  as  to  thermal 
efficiency  or  heat  delivery  capability  of  solar  equipment.  Although 
manufacturers  are  providing  that  type  of  information  in  their  sales 
literature,  they  are  not  guaranteeing  the  performance  in  the  field. 
To  a  certain  degree,  this  omission  is  due  to  the  inability  of  the  manu- 
facturer to  control  the  quality  of  the  installation.  In  addition, 
manufacturers  supplying  only  certain  components  of  a  system,  such  as 
the  collector,  cannot  be  assured  that  the  other  components  in  the  system 
are  correctly  selected  or  integrated  with  their  own  product.  Thus, 
inferior  performance  might  well  be  due  to  factors  other  than  those 
controlled  by  the  collector  manufacturer.  A  performance  warranty  would 
thus  be  difficult  to  establish  and  maintain. 

Still  another  problem  in  providing  a  meaningful  performance 
warranty  is  the  great  variation  in  climate  encountered  and  the  practical 
difficulty  in  accurately  measuring  the  output  of  the  installed  equipment. 
Instrumentation  is  usually  not  provided,  so  measurement  of  performance 
is  likely  to  be  an  expensive  investigation  by  an  experienced  engineer. 
Disputes,  litigation,  and  other  problems  would  be  inevitable. 

Practical  performance  warranties  should  become  available  for  com- 
plete solar  heating  systems  provided  by  a  single  manufacturer,  assembled 
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and  installed  by  a  single  responsible  individual  or  firm.  The  manu- 
facturer could  then  guarantee  the  system  to  the  installing  firm  which, 
in  turn,  would  guarantee  it  to  the  purchaser.  In  case  of  dispute,  the 
installer  could  measure  system  performance  in  the  presence  of  the  owner 
and  a  third  party,  if  demanded,  for  determination  of  conformance.  If 
inadequate,  corrections  would  be  made  in  compliance  with  the  warranty, 
and  the  installer  and  manufacturer  would  establish  responsibility  for 
the  departure  from  specifications. 

Such  developments  as  the  Home  Owners  Warranty  (HOW)  program, 
sponsored  by  the  National  Association  of  Home  Builders,  can  be  expected 
to  have  an  influence  on  solar  heating  equipment  guarantees.  Under  the 
HOW  program,  all  defects  in  a  residential  structure  will  be  corrected 
at  no  cost  to  the  owner  during  the  first  three  years  of  use.   It  may  be 
expected  that  solar  heating  equipment  will  have  warranties  conforming 
with  such  a  program.  Manufacturers  will  then  be  required  to  guarantee 
to  the  dealer  and  installer  the  necessary  support  for  compliance  with 
this  program. 

The  solar  equipment  manufacturing  industry  unfortunately  includes 
several  small  suppliers  having  practically  no  experience  with  solar 
equipment  and  offering  no  warranties  of  any  kind.  Purchasers  of  such 
equipment  have  very   little  chance  of  reimbursement  for  costly  failures. 
Even  if  a  small,  marginal  manufacturer  offers  some  sort  of  warranty,  a 
purchaser  does  not  have  much  assurance  that  the  manufacturer  will  remain 
in  business  long  enough  to  make  good  on  its  guarantee.  In  the  event  of 
equipment  defect  or  failure,  the  owner  (or  installer, if  guaranteed  by 
him)  would  suffer  the  loss.  These  and  other  topics  are  discussed  in 
the  previously  mentioned  government  report,  "Buying  Solar",  published 
in  June  1976  by  the  Federal  Energy  Administration  and  HUD. 
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